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Preface
This thesis is submitted to the Technical University of Denmark in candidacy for a degree
of Doctor of Philosophy, PhD, in applied mechanics. The work is prepared in accordance
with the regulations regarding the industrial PhD programme in Denmark.
The topic treated is tension fatigue damage of unidirectional glass fibre reinforced com-
posite materials with emphasis on the fibre architecture. The application in focus is com-
posite materials used for the load-carrying main laminate of a wind turbine rotor blade.
Basic knowledge on mechanics, composite materials, wind turbine rotor blade design,
and microscopy are assumed. The work presented was carried out in collaboration be-
tween the Technical University of Denmark, Department of Wind Energy, Section of
Composites and Material Mechanics (formerly known as Risø National Laboratory for
Sustainable Energy); LM Wind Power Blades, Materials and Process, Composite Mechan-
ics; and the University of Delaware, Center for Composite Materials during the period
April 2010 to September 2013.
Research funding was provided from the Danish Council for Strategic Research via the
Danish Centre for Composite Structures and Materials for Wind Turbines (DCCSM) (con-
tract number 09-067212). The project has been supervised by Professor Povl Brøndsted
(DTU Wind Energy), Senior Manager Rasmus Østergaard (LM Wind Power), and Profes-
sor John Gillespie, Jr. (University of Delaware).
Jens Zangenberg
Risø, Denmark
September 2013
”En Kraftkilde har Landet dog, som er mere end rigelig nok, naar den ellers
var tilstrækkelig let at øse af, nemlig Vindkraften; men til dennes anvendelse
er der knyttet to Ulemper, at Vinden kun kan udføre et meget ujævnt Arbe-
jde, når det blæser, og at det til Tider aldeles ikke blæser. I vore Dage er der
imidlertid fysisk Mulighed for at komme ud over begge disse Ulemper.”
Folk high school teacher and wind power pioneer Poul la Cour, Ingeniøren, 1895.
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Abstract
Wind turbine rotor blades are among the largest composite structures manufactured of
fibre reinforced polymer. During the service life of a wind turbine rotor blade, it is sub-
jected to cyclic loading that potentially can lead to material failure, also known as fatigue.
With reference to glass fibre reinforced composites used for the main laminate of a wind
turbine rotor blade, the problem addressed in the present work is the effect of the fibre
and fabric architecture on the fatigue life-time under tension-tension loading.
Fatigue of composite materials has been a central research topic for the last decades;
however, a clear answer to what causes the material to degrade, has not been given yet.
Even for the simplest kind of fibre reinforced composites, the axially loaded unidirec-
tional material, the fatigue failure modes are complex, and require advanced experimen-
tal techniques and characterisation methodologies in order to be assessed. Furthermore,
numerical evaluation and predictions of the fatigue damage evolution are decisive in
order to make future improvements.
The present work is focused around two central themes: fibre architecture and fatigue
failure. The fibre architecture is characterised using real material samples and numerical
simulations. Experimental fatigue tests identify, quantify, and analyse the cause of failure.
Different configurations of the fibre architecture are investigated in order to determine
and understand the tension-tension fatigue failure mechanisms. A numerical study is
used to examine the onset of fatigue failure. Topics treated include: experimental fatigue
investigations, scanning electron microscopy, numerical simulations, advanced measure-
ments techniques (micro computed tomography and thermovision), design of test speci-
mens and preforms, and advanced materials characterisation.
The results of the present work show that the fibre radii distribution has limited effect
on the fibre architecture. This raises the question of which fibre radii distribution ensures
optimum mechanical properties, damage tolerance, and fatigue performance. The exper-
imental fatigue results and analyses identify and explain the onset of tension fatigue fail-
ure. It is documented that improvements of the fibre architecture and specimen design
are needed in order to provide next generation of fatigue resistant composite materials
for wind turbine rotor blades.

Resumé
Vindmøllevinger er blandt de største strukturer fremstillet af fiber-forstærket polymer.
En vindmøllevinge er gennem dens levetid udsat for cyklisk belastning, som over tid
kan lede til brud - også kendt som udmattelse. Med henblik på glasfiber-forstærket kom-
positter til brug i hovedbjælken i en vindmøllevinge, undersøger det foreliggende arbejde
effekten af fiber- og væv-arkitekturen på udmattelseslevetiden ved træk-træk belastning.
Udmattelse af kompositmaterialer har været et centralt forskningsemne gennem de sen-
este årtier. Dog er de entydige svar på hvad der forårsager denne materialedegradering
endnu ikke givet. Selv for den simpleste type af fiber-forstærket komposit, det aksialt
belastede ensrettede materiale, er udmattelsesbruddet komplekst, og kræver avancerede
eksperimentelle teknikker og karakteriseringsmetodikker for at blive vurderet. Ydermere
er numerisk evaluering og forudsigelse af skadesudbredelsen i udmattelse afgørende for
fremtidige forbedringer.
Det nærværende arbejde fokuserer på to centrale emner: fiber-arkitektur og udmattelses-
brud. Fiber-arkitekturen er karakteriseret ved hjælp af materialeprøver og numeriske
simuleringer. Eksperimentelle udmattelsesforsøg identificerer, kvantificerer, og analy-
serer årsagen til brud. Forskellige konfigurationer af fiber-arkitekturen er undersøgt med
henblik på at klarlægge og forstå de grundlæggende brudmekanismer i træk-træk ud-
mattelse. Et numerisk studie benyttes til at undersøge initiering af udmattelsesbruddet.
Relevante emner i relation til arbejdet er: eksperimentel undersøgelse af udmattelse,
skanning elektron mikroskopi, numerisk simulering, avancerede måleteknikker (mikro
røntgen tomografi og thermovision), design af testprøver og væv samt avanceret materi-
alekarakterisering.
Resultaterne af det foreliggende arbejde viser, at fiber radius-fordelingen har begrænset
effekt på fiber-arkitekturen. Dette leder til spørgsmålet hvilken fiber radius-fordeling
sikrer optimale mekaniske egenskaber, skades-tolerance og udmattelsesegenskaber. De
eksperimentelle udmattelsesresultater og -analyser identificerer og forklarer initiering
af udmattelsesbruddet ved træk belastning. Ydermere fremhæves nødvendigheden af
forbedringer i både fiber-arkitekturen og test-geometrien for at kunne levere næste gen-
eration af modstandsdygtige kompositmaterialer til fremtidens vindmøllevinger.
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CDF Cumulative distribution function
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CoT Cost of turbine [$]
CT Computed tomography
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u Random vector
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v Random vector
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X Coordinate matrix
Chapter1
Introduction
This chapter gives an introduction to the topics treated in the thesis, and explains the
motivation and objectives of the study. A background survey regarding the themes of the
work is found in Chapter 2.
1.1 Problem statement and motivation
In modern society, energy is considered a fundamental and vital resource, and it is ba-
sically the foundation for our way of life. Without the constant access to energy, society
as we know it today, would not exist. Future prospects indicate that the demand for en-
ergy will increase, and as the access to fossil fuels is getting more complicated, the cost
of energy, CoE, for non-renewable energy resource, will also increase. This means that
renewable energy sources like wind, water, and solar have the potential of cost compet-
itive alternatives. The environmental aspects are also of concern, and renewable energy
sources have an obvious benefit compared to fossil fuels. Fig. 1.1 illustrates the wind
power production in EU from 2000-2008 with estimations on future trends, which is also
a simple measure for the supply-and-demand estimate for the future energy consump-
tion.
WIND POWER PRODUCTION IN THE EU (2000-2020)  
TWh
600
500
400
300
200
100
0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
  Offshore  0.1 0.3 1.0 1.9 2.2 2.6 3.3 4.1 5.3 6.9 10.9 16.4 23.5 32.3 42.3 53.7 67.1 82.4 100.5 122.4 148.3
  Onshore 22 32 44 55 67 80 96 115 132 150 168 189 211 233 257 281 308 336 367 399 433
23 32 44 57 70 83 100 119 137 157 179 205 234 265 299 335 375 419 467 522 582TOTAL
 
Figure 1.1: Offshore and onshore wind energy production in the
EU. Current status and future projections, [1].
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As seen from Fig. 1.1, it is estimated that the wind power production is tripled within the
next decade, which means that the market for wind turbines is growing. Still, in order
for wind energy to be cost competitive and reach the grid parity, meaning the price of
producing wind power is equal to or less than the market purchase price, the CoE must
be reduced. Lowering the CoE has been a central focus point and driver within the wind
industry for the past years. The CoE, meaning the cost to produce energy (kWhs) during
the life-time of the wind turbine, is defined as, [2]:
CoE =
CoT + CoI + CoM
PP
(1.1)
where
CoT: Cost of Turbine (foundation + tower + machinery + nacelle + blades).
CoI: Cost of Installation and transportation.
CoM: Cost of operation and Maintenance during the life-time of the turbine.
PP: Power Produced during the turbine life-time.
From an industrial perspective and in order to be cost-competitive, it is desirable to lower
the cost of energy. This can be done by affecting the different factors in Eq. (1.1): either by
lowering the numerator, or increasing the denominator. From a wind turbine rotor blade
manufacturers point of view, the objective is to decrease the CoT and increase the PP.
Since the power output scales with the swept area of the rotor, the PP is predominantly
related to the blade length. A direct up-scaling of existing blade geometry will not lead
to a lower CoE, sooner on the contrary. Extending the life-time of the blade will increase
the total amount of produced power; thus, increasing the PP. Current challenges are more
related to decrease the CoT, and can, in relation to the rotor blades, be divided into two
parts, [2]:
a) Allow the design limit of the blade material to be closer to the actual strength based
on an improved understanding of failure mechanisms and damage tolerance. In
turn, material savings are introduced and lighter blades are produced.
b) Increasing materials and process performance in a cost-effective manner.
The current work is linked to the first point, and can be illustrated as shown in Fig. 1.2.
From a material perspective, Fig. 1.2 shows the design space available in order to avoid
failure, in basic: material strength larger than the applied stress (load).
In order to reduce the probability of material failure, the stress and strength distributions
should be separated as far as possible (increasing the design margin). Nonetheless, if the
distributions are far apart, the material design is conservative. The distributions can be
separated by translation or change of shape. In relation to the material stress, it is dif-
ficult to change the shape of the distribution due to the coupling to the random nature
of the wind. However, there are two ways to translate the stress distribution in order
to reduce the load: either by adding material to the component, or by improved smart
component design. The first option is the obvious, but adds unwanted additional weight
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Material stress or strength
Frequency Design margin
Material variability
Load variability
Probability of failure
Strength
Stress
Figure 1.2: Sketch of the material design space available for com-
posite material used in wind turbine rotor blades.
and cost to the component. The latter requires an optimisation of the structure, and can
be beneficial in the long term. In any case, changing the location of stress distribution is
a difficult task. On the other hand, the strength distribution can both change shape and
location. A translation is achieved by materials with improved mechanical properties,
which may add additional cost and save weight. The shape of the strength distribution
can be altered by improved material understanding to reduce the material variability. In
terms of cyclic damage (fatigue), the present project aims at providing an increased mate-
rial understanding, thus increase the design margin by reducing the material variability.
Fatigue of composites for wind turbine blades is an essential part of the design that is not
yet explored and understood in detail.
The present thesis can contribute to lowering the CoT in terms of increased fatigue per-
formance through a more profound understanding of the damage mechanisms in the
materials. The material cost can be reduced as a result of the current study, leading to a
lower CoE. Also, if fatigue damage mechanisms are well understood and described, the
life-time of the blade can be extended, meaning increasing the PP and contributing to a
lower CoE. Improved material understanding enables a design closer to the limit, and
thus desirable weight savings in the blade. In turn, lighter blades reduce the CoI due to
smaller loads on the remaining turbine components.
1.2 Scientific objectives and achievements
Composites are a wide-ranging family with a diverse selection of individual materials,
microstructure, lay-up, and mechanical properties. On top of this, there are numerous dif-
ferent combinations of fatigue loading on the resulting structure, which must be consid-
ered. Therefore, in order to understand the effects of fibre architecture on the fatigue life-
time of composite materials, one would most likely do it in vain if all aspects should be
considered. Hence, with reference to the application in focus (wind turbine rotor blades),
the present study deals with unidirectional glass fibre materials embedded in a polyester
matrix exposed to tension-tension fatigue loading. Focus will be put on the microstruc-
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tural level and the interaction between fibre architecture and fatigue characteristics.
In order to gain a clearer understanding of composite material fatigue failure mecha-
nisms, this project aims at providing tools and ideas for: identification, increased know-
how, and improvements of composite materials for wind turbine blades. With special
attention to the effect from fibre architecture, the final achievement is to understand and
explain the tension fatigue damage mechanisms in composite materials used in the main
spar of a wind turbine rotor blade.
The present work is a part of the Danish Centre for Composite Structures and Materi-
als for Wind Turbines (DCCSM), which aims at providing methods to the industry for
lighter and stronger wind turbine blade structures. This is achieved through improved
material understanding covering all length scales from microscale to structural scale. The
work package related to the present deals with the laminate scale, and the effect of fibre
architecture on the mechanical performance.
1.3 Thesis overview
In Chapter 2, a survey is given regarding the different themes considered, and the appli-
cation in focus. The next two chapters are the main emphasis of the thesis, and Chapter
3 presents different aspects and characteristics of the fibre architecture in unidirectional
composites. In Chapter 4, the focus is on tension-tension fatigue damage and the effects
from fibre architecture of unidirectional composites manufactured of non-crimp fabrics
for the main laminate of a wind turbine blade. Chapter 5 completes the thesis with a
conclusion and a future outlook. The thesis is supported by a number of published or
submitted journal papers appended in App. A.
Chapter2
Background
From the thesis title, three executive themes are distinguished: (i) composite materials,
(ii) fibre architecture, and (iii) fatigue. This chapter briefly presents relevant information
regarding each of the themes along with the application in focus: wind turbine rotor
blades. The intention is to provide an overview and relevant references related to these
fields. The chapter is divided into four sections dealing with each of the different themes
and the application: composite materials, fibre architecture, wind turbine blades, and
fatigue of composite materials.
2.1 Composite materials
A composite material (or just composites) is a combination of two or more different ma-
terials with diverse properties combined with a matrix at the interface to form a con-
tinuous material [3]. During the recent decades, composites have seen a huge increase
in use, and today composites are everywhere in our daily life e.g. insulation materials,
sporting equipment, civil engineering, energy application, medical science, aviation, au-
tomotive industry, shipping industry, etc. With this wide spreading field of applications,
an increasing demand for better understanding of these materials has emerged. Com-
posites are typically a two-fold material consisting of a ductile resin/matrix (adhesive)
reinforced with stiff particles or filaments/fibres, illustrated in Fig. 2.1.
(a) (b)
Figure 2.1: Typical reinforcements in composite materials. (a)
Particulate composite. (b) Fibre composite.
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Particulate composites, Fig. 2.1(a), are traditionally used to increase the fracture tough-
ness whereas continuous fibre reinforcement is used to strengthen against specific ac-
tions. Fibre reinforced materials can be designed or tailored to suit a specific demand
depending on the direction and magnitude of the action. Often for fibre reinforced com-
posites, the fibres are woven or stitched together to form a fabric where the fibres are
aligned according to a certain direction. Several fabrics or plies are stacked and infused
using a resin to form a laminate. Depending on the direction of primary action on the
structure, different lay-ups are used to produce the laminate. Processing of composites
typically takes place in moulds where the dry fabrics (preforms) are placed, and infused
using an appropriate resin. This type of manufacturing is unique for composites since
the structure and material is the same unit, which is unlike traditional structures that are
assembled of different materials and geometries. This material and structural coherence
is one of the advantages of using composites for advanced structural applications. Some
common applications and associated lay-ups for fibre reinforced composites are shown
in Fig. 2.2.
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Figure 2.2: Instructive comparison and amount of composite lay-
ups used in different applications. Inspiration from Jones, [4].
Unlike traditional structural materials, composites enable a large variety of options re-
garding the material tailoring, which makes it possible for the engineer to design the best
suitable material for the purpose. Composite material design is far from trivial since it
requires thorough knowledge of the fibre and resin materials used, their individual prop-
erties and mechanical performance, resistance to different loadings, etc. When the fibre
material is mixed with a resin to form a composite, a completely new material is emerg-
ing, and the considerations regarding mechanical performance, resistance, etc. must be
re-evaluated.
Classical introductory books with further information within composites are Jones [4],
Bunsell & Renard [5], and Chou [6].
CHAPTER 2. BACKGROUND 7
2.2 Fibre architecture
A fibre reinforced composite material can be manufactured in numerous ways using dif-
ferent reinforcement types, materials, fabrics and lay-ups, and processing techniques.
Another important question is how to quantify the processed composite, and the most
obvious and widespread parameter for characterisation of composite microstructures, is
the fibre volume fraction. This is defined as the total fibre volume in relation to the vol-
ume of the entire material, and is often used as a control parameter for the composite.
The effect of the fibre volume fraction on selected properties is sketched in Fig. 2.3.
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Fibre volume fraction [%]
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ed
 p
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rty
 [%
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(c) Axial stiffness →
← (d) Axial tensile strength
← (b) Axial CTE 
← (a) Tension fatigue life−time
↑ (e) Compression strength (elastic)
Figure 2.3: Sketch of the effect of fibre volume fraction on se-
lected mechanical properties. The dashed lines mark the region
where the FVF of wind turbine blades is typically found. Com-
ments: (a) Deterministic, see e.g. Sec. 4.2. (b) Force equilibrium,
see e.g. [7]. (c) Rule of mixtures, see e.g. [7]. (d) Rule of mixtures,
see e.g. [7]. (e) Elastic kinking, see Rosen [8].
As illustrated in Fig. 2.3, composites are not just a coincidental mixture of A and B. It
requires a thorough expertise in order to produce the material, and to be in control of the
mechanical properties. It is noted that the simple estimates of the composite properties
are not valid for the bulk materials where the FVF ' 0 (resin) and 100% (glass).
The role of the fibre architecture in fibrous composites is the theme of papers [P1-P3], and
additional interesting references are Lopes [9], Ghosh et al. [10], Pyrz [11], or Summer-
scales [12]. [P5] considers the design process of a composite preform for a wind turbine
blade.
2.3 Wind turbine rotor blades
The basic concept of a wind turbine is to transform a horizontal wind force into a turn-
ing moment (torque) of the rotor, thus producing energy using a generator. The most
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common type of installed wind turbine systems today, is the three bladed horizontal axis
wind turbines (HAWT) with an upwind rotor [13; 14; 15]. An example is shown in Fig.
2.4.
Figure 2.4: Example of a horizontal axis wind turbine.
During the last decades, wind energy has experienced an upturn in installed power
and societal interest, [13; 14], see also Fig. 1.1. However, political decision, willingness,
and subsidies are still of fundamental concern in order for wind technology to be cost-
competitive. For a wind turbine, one way to raise the output gain is by increasing the
swept area of the blades, i.e. the blade length. Consequently, wind turbine (blade) manu-
facturers pursue the development of longer and lighter blades. The evolution of the blade
size during the recent years for LM Wind Power blades, is illustrated in Fig. 2.5.
Eiffel Tower
324 m tall
Statue of Liberty
93 m tall
Airbus A380
68.5 m wingspan
Figure 2.5: Size development of LM Wind Power blades during
the last decades. The number LM XX denotes blade length in me-
ters, and the number below, the associated rated power output
from the turbine.
The increasing blade size, illustrated in Fig. 2.5, has been achieved through better materi-
als knowledge and properties, improved manufacturing techniques, increased reliability
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and understanding of the materials, optimisation, and innovation. The obvious way to
increase the existing blade size is by a direct up-scaling of the geometry in all three spa-
tial directions, which is far from an optimised solution (due to Galileo’s square-cube law,
[16]). Based on the above mentioned achievements, it has been possible to reduce the
blade-length vs. -weight relation (for blade lengths less than 40m) to a power exponent
of 2.66 (rather than 3), [17]. This means that the blade mass is reduced compared to the
cubic up-scaling, and in turn the gravitational and centrifugal forces are decreased. Typ-
ical weight and cost components for a three-bladed HAWT turbine are given in Table
2.1.
Table 2.1: Cost and weight of different components for a wind
turbine, [13].
Component Weight Cost
[% of machine] [% of machine]
Rotor 10 - 14 20 - 30
Gearbox and drivetrain 5 - 15 10 - 15
Nacelle and machinery 25 - 40 25
Generator system 2 - 6 5 - 15
Weight on top tower 35 - 50 -
Tower 30 - 65 10 - 25
As observed from Table 2.1, the rotor blades have a significant contribution to the wind
turbine, and a reduction in weight and/or cost is beneficial for the entire economy of the
turbine unit. A reduced blade mass affects all other parts of the wind turbine, and in turn
reduces the cost of energy, mentioned in Chapter 1.
Regarding the material selection for wind turbine rotor blades, three general require-
ments are governing, [17]: high material stiffness is required to maintain optimal aero-
dynamic performance and sufficient tower clearance, low density materials in order to
reduce gravity forces, and long fatigue-life is needed to reduce material degradation.
Composites have shown to suit all three of these requirements. In Denmark, the wind
turbine blade industry is therefore the key industry regarding composites. Typical mate-
rial combinations for wind turbine blades are presented in Table 2.2.
Table 2.2: Typical material selections and technologies for wind
turbine blades, [2]. Current LM technologies are underlined.
Category Options
Reinforcement Glass fibre, carbon fibre, natural fibre
Matrix Polyester, vinylester, epoxy, bio-based resins
Core PVC, balsa, PET, PS, SAN, PUR, ...
Adhesives Epoxy, vinylester, PUR, MMA
Surface protection Gelcoat, epoxy/PUR paints, leading edge tapes
Process VARTM, prepreg, winding
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From a blade manufacturers point of view, the main focus over the last years has been on
mastering some of the material combinations shown in Table 2.2 in order to get the best
possible solution to a competitive price. At LM Wind Power, the expertise is a material
system based on continuous glass fibres infused with a polyester resin. Skin panels are
manufactured with a balsa core and sandwich beams with a PVC core. Joints are bonded
with an epoxy adhesive. Gelcoat is used for the exterior surface of the blade.
In order to achieve an improved wind turbine blade design, skills within all length scales
of the design must be possessed. The different characteristic length scales involved in
wind turbine blade design are illustrated in Fig. 2.6.
(a) L   102 m
(b) L   100 m
(c) L   10-1 m (d) L   10 -3 m
(e) L   10-6 m(f) L   10-9 m
Leading edge Trailing edge
Sandwich 
beams Skin panels
Core
Face
Matrix
Fibre
Matrix
Fibre
Laminate
Fibre
Matrix
Leading edge
Trailing edge
Main laminate
Figure 2.6: Characteristic length scales involved in wind turbine
blade design. (a) Structural scale. (b) Sub-structural scale. (c)
Component scale. (d) Laminate scale. (e) Micro-scale. (f) Nano-
scale.
As illustrated in Fig. 2.6, the material design of a wind turbine blade is a complex and
diverse task since all length scales must be evaluated. Each level affects the others, and
changes on one length scale can have a dramatic impact on the overall performance of
the blade. Not only in the material design process are the length scales important, but
also in relation to material defects and imperfections that can influence the mechanical
performance.
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A lot of research is going on within the field of wind energy, both in the private, public,
and academic sector. With regards to material research for future wind turbine blades,
there is still many aspects to consider in order to manufacture more reliable, lighter, and
longer blades, [13]:
• New material systems are needed, e.g. composite hybrids in the form intelligent
combinations of carbon and glass.
• Fracture mechanical tools and databases are needed to design against delamination
and fatigue crack propagation.
• Influence of creep, moisture, erosion, and temperature must be understood and
described.
• Improved fatigue design and damage tolerance.
• Probabilistic design tools with respect to mechanical material performance.
• Influence of imperfections and defects on the mechanical properties.
• Improved understanding of process induced defects.
For recent presentations regarding the history, manufacturing, and design of wind tur-
bine blades, the reviews of McGowan [13], Schubel & Crossley [15], Brøndsted et al. [17],
or Veers et al. [18] should be addressed. Manwell et al. [19] is a comprehensive informa-
tion source on several aspects of wind energy technology.
2.4 Fatigue of fibre reinforced composites for wind turbine blades
Wind turbine blades are designed to a 20 year life-time, and during this period the blades
are exposed to a number of rotations in the order 108 to 109. This large number of load-
cycles with time degrades the composite material, and the phenomenon is known as
fatigue. Fatigue resistance is a key parameter for wind turbine blade material design. On
top of the rotation of the blades is the stochastic behaviour of the wind, which causes an
additional complex type of fatigue loading with varying load amplitude and wavelength.
In order to handle the randomness of the loadings on the structure, the time series of the
loading is recast into load blocks with constant mean and amplitude (varying frequency),
e.g. using rainflow counting. This principle is known as constant amplitude fatigue. A
basic assumption is that the damage is constant within each loading block, and the total
damage during the life-time of the blade is obtained using damage accumulation rules
like Miner’s sum. An unsettled issue is whether there is a sequence dependency of the
loading blocks on the resulting damage accumulation. Characterisation of the type of
constant amplitude fatigue loading is expressed in terms of the load-ratio, R, defined
as the minimum to maximum stress/strain in each load cycle: R = σmin/σmax in terms
of stresses. Different sinusoidal shaped stress waveforms are illustrated in Fig. 2.7 for
typical load ratios, R.
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Figure 2.7: Constant amplitude sinusoidal shaped stress wave-
forms as a function of time for different stress ratios, R. Tension
is considered positive.
It is seen from Fig. 2.7 that different types of fatigue loading are defined depending on
the sign and magnitude of R. Different fatigue terminologies are used for varying ranges
of R: −∞ ≤ R < 0 tension-compression, 0 ≤ R < 1 tension-tension, and 1 < R < ∞
compression-compression. A limitation in the definition of the stress ratio, is that R = 1
corresponds to two different experiments (static tension or compression) with various
characteristics and failure modes. In addition to the stress ratio, R, the amplitude ratio,
A, is often used. The amplitude ratio is defined as the ratio between the stress amplitude,
σa, and the mean stress, σm, as:
A =
σa
σm
=
σmax − σmin
σmax + σmin
=
1−R
1 +R
The fatigue performance of composites used for wind turbine blades are typically eval-
uated for different values of R in order to get a proper material description. However, it
is noted that certifying agencies like Germanischer Lloyd [20] do not prescribe actual fa-
tigue testing, but the material design can be based on the static strength values in tension
and compression.
Fatigue resistance of composites is traditionally done in terms of the Wöhler curve (or
SN -curve) where the failure stress or strain, S, is plotted as function of cycles to failure,
N . A flat Wöhler curve indicates a large resistance against fatigue, and a steep implies
low resistance. For three values ofR typical for wind turbine blade design, the associated
Wöhler curves are plotted in Fig. 2.8 for a unidirectional glass-epoxy [0]4 material.
It is observed from Fig. 2.8 that the tension-tension fatigue curve (R = 0.1) is most severe
for the material since it is most steep, and have the lowest stress amplitude to failure in
the high-cycle regime. Also, tension-tension fatigue is the dominant fatigue loading type
on a blade structure, which arises as a consequence of the primary blade actions. Stiffness
degradation is an additional documented fatigue phenomenon, and is addressed in [P4].
In blade design, the experimental Wöhler curves, Fig. 2.8, are transformed into constant
life diagrams, which enable evaluation of the fatigue damage accumulation.
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Figure 2.8: Wöhler curves for different stress ratios, R, and con-
stant amplitude loading. Experimental data are taken from the
OPTIDAT database, [21; 22], for a unidirectional glass-epoxy [0]4
material and fitted to a power law behaviour. Fibre volume frac-
tion for the samples considered: (µ, σ) = (52.1%, 1.36%).
Material imperfections, defects and inhomogeneities at all length scales affect the me-
chanical performance - both static and fatigue. In an experimental study, Mandell et al.
[23] investigated the knock-down factors both statically and fatigue with respect to differ-
ent imperfections and defects. They considered the commercially available Owens Corn-
ing fabrics A130 (warp woven unidirectional, 0◦) and D155 (weft stitched unidirectional,
90◦) embedded in a polyester resin, which are both common wind turbine blade ma-
terials. Knock-down factors for typical common composite material defects and design
details are presented in Table 2.3.
Table 2.3 illustrates the dramatic influence of imperfections, design details, defects and
inhomogeneities on the strength in both static and fatigue loading. In a blade design,
the reason for these knock-down factors must be understood and managed in order to
obtain an appropriate margin of safety. For instance, common geometric design details
like ply-drops have a severe impact on the blade performance in terms of strength knock-
down. Table 2.3 can be considered as a test matrix for future efforts on damage and failure
mechanism in composite materials for wind turbine blades.
Lemaitra & Desmorat [24] give a general presentation of damage and fatigue whereas
fatigue of composites used for wind turbine blades is addressed e.g. in Mandell et al.
[23], Brøndsted et al. [25], Nijssen [26], Kensche [27], Marín et al. [28], and Mandell et
al. [29]. Fatigue performance of composites in general has been subject to large research
interest during the years. Selected works include: Talreja [30], McMeeking & Evans [31],
El Kadi & Ellyin [32], Gamstedt & Talreja [33], Degrieck & Van Paepegem [34], Mao &
Mahadevan [35], and Vassilopoulos & Keller [36].
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Table 2.3: Experimentally determined knock down factors for
static and fatigue loading of the A130 and D155 fabrics. The
knock down factor, F, is the strength or 106 cycle fatigue strain
in either tension (T) or compression (C) normalised with the un-
damaged material property, [23].
I I Knock-Down  Strength  Factor, F I 
Detail Sketch Static  Strength 
I I fabric I 
Bonded stiffener 
beam-web, (bending) 
Time 
I00  to 1000 seconds 
at  maximum stress 
time 
Hot I Wet  Ortho  polyester 
50°C I Max. moisture 63-AX-051 
Fiber  waviness  (in-plane) Mild 
O'fibers in loading direction 
Severe 
DlV droD 
Double interior 
C? ply drop 
fabric I fabric I fabric I 
1.7 (T) 2.7 (C) 
1.0 (T) F 1.2 (T) F 
1.4 (T) D 2.5 (T) D 
I I 
1.0 m FI I 1.6 (T) F 
3.0 iTj Dl 1.25 (T) 3.9 (T) D I 1.0 (C) F 4.0 (C) F 
Surface indentation 
cy reduced  by 25%) 
Increased, thickness 1.0 (9 
I .2 (C) 
VF = 35 - 37%+ 
Locally  higher fiber content 
(2 - W'piies in center)  1.0 (T) 
1.1 (C)  
Cracked  transverse 
W'patch 
+I 10 Cycle Fatigue 
I I I I 
2.3 (T) 
1 .o (C) 
Sandwich panel (tension) 
30 degree  closeout to 
thin laminate 
3.4 (T) D 
2.3 (T) F 3.0 (T) F 
(T) Tension  Loading  (R=0.1),  (C)  Compression  Loading (R = IO), (F) Failure, (D)  Delamination 
Sandwich panel data are based on stress, and are compared to the facesheet material alone. 
Delamination indicates conditions where delamination spreads completely across the  Specimen. 
Figure 90. Static  and  Fatigue  Knock - Down Factors for  Tension  and  Compression 
Laminates  Based  on D 155  and A1 30 0" Fabrics. (Knock-Down Factor, F,  is  the 
Ratio of Strength or lo6 Cycle  Fatigue Strain for Control Laminates  Tested  at 
Normal  Rates  and  Environment,  Relative  to  Laminates  Containing the Indicated 
Condition.) 
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Chapter3
Fibre architecture
The current chapter deals with investigations of the architecture and microstructure found
in unidirectional fibre reinforced composite materials used for wind turbine rotor blades.
Understanding of the material microstructure is the key for evaluation of the mechani-
cal properties. The current status of characterisation of composite microstructures is out-
lined. Then, a practical example regarding hierarchical characterisation of the microstruc-
ture is presented. The chapter is closed with a preliminary study using micro computed
tomography in order to characterise the three dimensional fibre misalignment. Journal
papers relevant to the present chapter are [P1-P3] and partly [P5].
3.1 Literature survey
Proper characterisation of materials microstructure is essential in order to understand
the mechanical behaviour, and provide valid information for materials modelling. This
survey covers recent relevant literature in relation to the microstructure of composite
materials used for wind turbine blade materials. Emphasis is on the fabric types referred
to as non-crimp fabrics (NCF’s) since these are the common selection for wind turbine
blades. In NCF, straight fibrous layers with different orientation are placed on top of
each other and stitched or knitted together to from a fabric. NCF’s are dry fabrics and
can be processed using autoclave, hot/cold pressing, or (vacuum assisted) resin transfer
moulding with almost any kind of resin. [P1-P3] focus on the microstructure and fibre
architecture inside the bundles of a NCF, and [P5] deals with the design process of a
non-crimp composite preform.
Recent overviews regarding characterisation of microstructures containing isolated inho-
mogeneities (like fibres in resin) are found in the work of Torquato [37] and Kachanov &
Sevostianov [38]. A comprehensive investigation of statistical analyses and microstruc-
tural descriptors applied to fibre reinforced composite materials, is found in the work of
Lopes [9].
Classical measures for the microstructure of fibre embedded composite materials are for
instance the fibre volume fraction, the nearest neighbour distance, the number of neigh-
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bours, and the nearest neighbour orientation. Techniques for quantification of fibre mis-
alignment, fibre spatial distribution and others are provided by Yurgartis [39] or Paluch
[40]. More sophisticated statistical microstructural descriptors like the Ripley K-function
(Ripley [41] and Dixon [42]) are often employed for composite materials. Pyrz [11; 43]
presents interesting characterisation techniques including second order statistics of the
microstructure of a composite material. Second order statistical analyses have been exten-
sively used for characterisation by other researchers, e.g. Louis & Gokhale [44], Ghosh et
al. [10] and later Shan & Gokhale [45] who used second order statistics in order to char-
acterise and simulate the microstructure of fibre composites. Using Voronoi cells with
fibre statistics from real composites, Swaminathan et al. [46] and Swaminathan & Ghosh
[47] numerically investigated the response of representative volume elements. Numeri-
cal replication of composite microstructures in terms of representative unit cells has been
a central research theme for some time, see [P2;P3] for further information.
The references provided above are more or less all centred around the microstructure of
pure unidirectional filament wound laminates, and do not quantify the architecture of
the entire laminate. Limited information is available regarding characterisation of hierar-
chical composite microstructures like NCF’s used for wind turbine blades. To the authors
knowledge, the only works dealing with characterisation of the internal hierarchical mi-
crostructure of NCF’s are provided by Mattsson et al. [48] and partly Lomov [49]. Wei
& Zhang [50] investigated variations of the microstructure in a stitched composite (like
NCF’s) in the vicinity of the stitching.
In relation to numerical modelling of the entire structure of the non-crimp material,
the WiseTex software package, Verpoest & Lomov [51], provides automated generation
of composite architectures for finite element analyses suitable for multiscale modelling
strategies. Tessitore & Riccio [52] and Petriccione et al. [53] used a slightly different nu-
merical methodology to generate and analyse the mechanical response of non-crimp ma-
terials.
3.2 Scaling effects and fibre volume fraction
3.2.1 Introduction
The fibre volume fraction (FVF) is the single most employed parameter for characteri-
sation of the microstructure of fibre reinforced composites. For a hierarchical fibre rein-
forced composite like NCF’s, the outcome of the fibre volume fraction is different depend-
ing on the length scale considered. The present study addresses changes in the composite
microstructure in terms of the FVF at different length scales of a NCF. The FVF is chosen
as a characterisation parameter of the different length scales due to its widespread use.
Other selected interesting microstructural parameters are presented in [P1]. A NCF typi-
cally consists of filaments (fibres) arranged in bundles that are stitched to form the fabric.
Several fabrics are stacked and infused to form the laminate. This length scale coherence
is referred to as a hierarchical structure, and it is evident to describe the microstructure
at each level in order to understand the resulting mechanical behaviour. The hierarchical
structure of a NCF is sketched at different length scales in Fig. 3.1.
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Axial fibre direction
(a) (b) (c) 
L [m] L [cm] L [mm] L [μm]
(d) 
Figure 3.1: Hierarchical structure of a NCF, and associated
length scales considered in the microstructural investigation. (a)
Plate scale. (b) Laminate scale. (c) Bundle scale. (d) Fibre scale.
In the following, the composite microstructure is evaluated in terms of the FVF at the
length scales: plate scale, laminate scale, bundle scale, and fibre scale. Different method-
ologies are used at the different length scales to determine the FVF. The investigation
is carried out on a single specimen, and the material considered is a unidirectional NCF
with backing, UD1322, employed in the main laminate of a wind turbine blade. The num-
ber 1322 refers to the amount (area weight) of unidirectional warp fibres. The fabric is
shown in Fig. 3.2, and selected details are listed in Table 3.1.
Axial stitchingBacking bundles 
(b) (a)
Axial fibre bundles Knitting (stitching)
Warp
Weft
Figure 3.2: Fibre architecture of NCF UD1322. Scale bars in units
of cm. Stitching pattern: double equal pillar tricot. (a) Axial face.
(b) Backing face.
A 4-layered laminate is analysed with stacking sequence [0/b, 0/b]s where b indicates the
position of the backing layer. The laminate is manufactured using a polyester matrix and
the VARTM process.
Table 3.1: Selected fabric details for UD1322.
Category Unit Axial fibres Backing fibres Stitching thread
Orientation [deg] 0 (warp) ±80 (weft) N/A
Area weight [g/m2] 1322 60 15
Linear density (roving) [tex] 2400 68 7.6
Material [-] H+ glass E-glass Polyester
Avg. filament diameter [µm] 17 9 N/A
For the UD1322 fabric, two rovings are used to form each axial fibre bundle.
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3.2.2 Plate scale [m]
At this scale, see Fig. 3.1(a), the laminated composite plate is considered as a continuum
microstructure. The loss ignition method is used to determine the fibre weight fraction
(FWF) and yields an average value of (mean/standard deviation) 70.9/0.25 %. Using the
fibre and matrix densities, ρf = 2.58 g/cm3 and ρm = 1.19 g/cm3, the average value of the
fibre volume fraction is determined as: FVF = 52.3%.
3.2.3 Laminate scale [cm]
At the laminate scale, see Fig. 3.1(b), it is possible to distinguish the different fabric layers
and fibre bundles. The individual variations in the microstructure within the bundles
are not considered. A typical transverse cross-section of the material reveals a brick-like
structure of the fibre bundles, and a micrograph of the microstructure is shown in Fig.
3.3. Axial fibres are oriented out-of-plane.
The bundles are considered with uniform microstructure at this length scale, and the
average FVF of the cross-section is calculated using a threshold analysis (see e.g. [P1])
where bright pixels are considered as fibre, dark as non-fibre. This yields that the FVF
= 54.8% for the transverse cross-section shown in Fig. 3.3. Bundles 1 and 2 are analysed
further at the next length scale.
3.2.4 Bundle scale [mm]
At this scale, the microstructure is analysed within the bundle, and the methodology
outlined in [P1] is used to characterise the FVF. The number of contact points per fibre
across the bundles is also evaluated to illustrate the fibre compactness. The investigation
is performed using an incremental analysis with a moving frame across the bundle to
determine the microstructural parameters within that specific frame. Data are stored for
each frame, collected, and processed at the end of the analysis. Thereby, the microstruc-
ture can be characterised across the entire bundle. High-resolution micrographs of the
two analysed bundles are shown in Fig. 3.4. Note that both stitching thread, backing fi-
bres, and mould surface are present in regions close to the bundles considered.
It is seen from Fig. 3.4 that the microstructure inside the fibre bundles is similar to what
is obtained in pure unidirectional composites e.g. made by filament winding. In such
materials, the microstructure is uniform and the fibres are dispersed randomly across the
entire laminate and not arranged in bundles. Analysis of the microstructure inside the
bundles is the topic of [P2] and [P3] considering variations in generated microstructures,
and the appropriate size of a volume element at this scale. The variation of the FVF and
the number of contact points per fibre across the bundle are shown in Fig. 3.5. The tex
value of the bundle is determined as the total fibre area multiplied with the fibre density.
The average FVF of the bundle is found as the ratio between the total fibre area and
the area of the bundle. The statistics for the variation of fibre diameters are shown in the
figures as well, and it is observed that there is a slight variation in the mean fibre diameter
for the two bundles considered.
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Figure 3.3: Transverse cross-section of bundle structure in unidi-
rectional laminate manufactured of a NCF. The fabric considered
is shown in Fig. 3.2. Bundles 1 and 2 are used for further analysis
at the bundle scale, and magnified in Fig. 3.4.
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(a)
H H
H
H
H
H
(b)
H
HH
N
N
N
J
Figure 3.4: Magnification of the fibre bundles shown in Fig. 3.3.
Markers denote: H (stitching thread), N (backing fibres), and J
(mould surface). (a) Bundle 1. (b) Bundle 2.
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(a)
500µm
(b)
500µm
Figure 3.5: Result of image analysis of microstructure across fibre
bundles at bundle scale. The locations of stitching thread, back-
ing fibres, and mould surface are shown in Fig. 3.4. (a) Bundle 1.
(b) Bundle 2.
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For both fibre bundles in Fig. 3.5, it is noticed that there is a large scatter in the FVF and
the number of fibre contact points across the bundle. In particular, the FVF is deviating
from the average value across the bundle. For bundle 1, Fig. 3.5(a), it is seen that both the
FVF and the number of contact points per fibre increase locally near the stitching thread
due to the applied stitching tension. Similar observations can be made for bundle 2, Fig.
3.5(b), in addition that the microstructure is locally affected in contact to the backing
fibres where both the FVF and the number of contact points are increased. Furthermore,
for bundle 2, the axial fibres are more compacted near the mould surface reflected in the
increase in FVF and the number of contact points.
It is documented that fibres in contact increase the local stress concentration between
the fibres, see e.g. Kushch et al. [54], which may be a weak region with respect to crack
initiation and propagation. One might imagine that there is an increased risk of damage
in regions with a larger number of contact points. In the present material, the regions with
increased number of fibre contact points are found in contact to the stitching thread or
backing fibres. As reported in [P4], it is also in these regions that fatigue damage initiate.
3.2.5 Fibre scale [µm]
The final length scale considered in this analysis, is the fibre scale where individual resin
encapsulated filaments are considered. A proper microstructural descriptor at this length
scale is the Voronoi cell decomposition, see e.g. [P1]. The principle of the Voronoi decom-
position and Delaunay triangulation of a typical fibre packing pattern is illustrated in Fig.
3.6.
Fibre centre
Voronoi
Delaunay
Fibre
Figure 3.6: Example of Voronoi and Delaunay decomposition of
a point pattern.
As seen from Fig. 3.6 each fibre has its own Voronoi cell with the property that any point
inside the cell is closest to that particular fibre centre. This means that the extension of the
Voronoi cell can be considered as the amount of matrix material belonging to each fibre.
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The local FVF at this scale is therefore defined as:
FVF =
Afibre
Avoronoi
(3.1)
where Afibre is the fibre area, and Avoronoi is the area of the associated Voronoi cell. It
is seen from Fig. 3.6 that unbonded Voronoi cells are present near the boundary, but
these are disregarded due to their infinite area. Again, bundles 1 and 2 are considered
for analysis, and the methodology outlined in [P1] is used to detect the fibre radius and
position of each fibre in the bundle. Thereupon, the Voronoi decomposition is carried out,
and Eq. (3.1) is used to determine the FVF across the bundle for each fibre detected. The
results are shown in Fig. 3.7 for bundles 1 and 2. Each Voronoi cell is coloured according
to the local FVF obtained from the respective cell.
Since the local FVF is determined on fibre scale, the resolution is larger, and it is possible
to distinguish variations in the microstructure. As seen from Fig. 3.7(a), different regions
are distinguished where fibres are separated or highly compacted. There is a noticeable
variation in the local FVF across the bundle varying from 0-100% (the limits are not prac-
tically possible, and caused by un-bounded regions and fibers larger than the Voronoi
cell). The average local FVF is approximately equal to the entire bundle volume fraction,
which is also observed in [P2]. Bundle 2 seems to have a slightly larger average value for
the local FVF, and the prevalence of the local FVF is more uniform compared to bundle 1.
It is difficult to make any observations regarding the influence of the backing fibres, the
stitching thread, or the specimen mould surface on the local FVF at this length scale.
3.2.6 Summary and discussion
The hierarchical microstructure of an unidirectional NCF has been investigated at dif-
ferent length scales in terms of the FVF. Variations are found for the FVF at the various
length scales, and a summary is presented in Table 3.2.
Table 3.2: Summary of the variation in fibre volume fraction for
a unidirectional non-crimp composite at different length scales.
Length scale and measure FVF, average FVF, max
[%] [%]
Plate [m] 52.3 N/A
Laminate [cm] 54.8 N/A
Bundle [mm] 56-60 ' 75
Fibre [µm] 52-55 ' 100
From Table 3.2, it is obvious that there is a considerable difference on which length scale
is examined for analysis of the FVF. This raises the question whether the FVF is a suitable
parameter for description of the internal microstructure of a hierarchical material. For in-
stance, if the FVF on plate scale is used as characterisation parameter for the composite,
there is a major difference compared to the internal microstructure of the bundles. Fur-
thermore, the microstructure is locally affected by the backing fibres and stitching thread
causing a heavier fibre packing in these regions, which is reflected in terms of the maxi-
mum obtained FVF. In the study presented above, only a single specimen is considered
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(a)
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500µm
Figure 3.7: Result of image analysis of microstructure across
bundles at fibre scale. (a) Bundle 1. (b) Bundle 2.
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to illustrate the microstructural complexity associated with the hierarchical material. As
seen from Table 3.2, there is a difference between the FVF at the length scales considered,
and changing the FVF at the plate scale affects all of the remaining length scales. Ad-
ditional interesting high-resolution examples of composite microstructures with varying
FVF are shown in Fig. 3.8. The same fabric is used as above, but processed with a different
vacuum pressure.
Depending on the vacuum pressure during processing, the FVF at the laminate scale is
different and varies from 46.0 to 58.7%, see Fig. 3.8. Furthermore, the average FVF at
the bundle scale changes as well, which in turn affects the local FVF at the fibre scale.
An interesting observation is that the amount of fibres is the same in the micrographs
shown in Fig. 3.8, and the only way to affect the FVF is by adding (or removing) resin
from the composite. One design factor in wind turbine blade manufacturing, is stiffness
(tip deflection and tower clearance). Since the composite stiffness is dominated by glass
properties, the blade is basically designed with a fixed amount of glass to ensure the
correct stiffness. Resin is added to bond the fibres together, and as seen from Fig. 3.8(b)
there appears to be an upper limit for the fibre compaction. Also, there is a limit on how
much the fibre bundles can be separated due to the stitching thread, and the resin enters
between the fibrous layers and the bundles, Fig. 3.8(a). Decreasing the composite stiffness
(lowering the FVF) can only occur if resin is added, which will cause a reduction in the
composite density, but an increase in blade mass due to the required stiffness. All together
with the current processing method, there is a narrow range around 55% (laminate scale)
into which the FVF of composites used for wind turbine blades is usually found. Still,
for this narrow range of FVF’s, the understanding of the composite microstructure, and
the effect on mechanical properties must be ensured at the different length scales within
the composite. A way to numerically investigate the interplay between microstructure
and damage progression of a NCF, is by hierarchical modelling. Here, mechanical and
damage properties from one length scale are passed on to the next, e.g. to evaluate the
damage evolution. A still unanswered question is what length scale that is suitable for
evaluation of the mechanical and damage properties of NCF’s.
3.3 Micro computed tomography
3.3.1 Introduction and motivation
Waviness and misalignment of load carrying axial fibres cause local stress concentrations
and shear transfer at the interface between fibre and matrix, which may initialise or lead
to failure. Fibre waviness and misalignment are of particular interest regarding the com-
pressive strength of composites (e.g. Wisnom [55]) and in relation to kink-band forma-
tion (e.g. Budiansky & Fleck [56]). In (tension) fatigue, there is a risk of fibre debonding
as a consequence of the cyclic stretching of a wavy fibre. With regards to characterisa-
tion of the 3D microstructure of fibre composite, measurements of the fibre misalignment
are important in order to obtain a correct statistical material description. An accurate
3D description of the microstructure is useful for numerical predictions of the mechan-
ical behaviour of the composite. Measurement and determination of the fibre misalign-
ment have for instance been done by Yurgartis [57] and Paluch [40]. The present section
deals with characterisation of the fibre misalignment based on the 3D microstructure of
a NCF. The 3D microstructure is obtained using micro computed tomography (CT), and
the methodology outlined in [P1] is used to map the individual fibres.
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(a)
(b)
Figure 3.8: Additional high-resolution micrographs at laminate
scale of UD1322 fabrics with varying fibre volume fraction. (a)
FVF at laminate scale 46.0%. (b) FVF at laminate scale 58.7%.
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3.3.2 Material and method
The material considered in the 3D misalignment investigation is the UD1322 fabric, il-
lustrated in Fig. 3.2 on page 17. A laminate consisting of 4 layers is manufactured using
the VARTM process and a polyester resin. A representative material sample is cut (ap-
proximately 4 × 4 × 4mm) and analysed using a Skyscan 1172 micro CT-scanner. The
CT-scanner used is kindly provided by the Danish Technological Institute. The 3D con-
struction of the material sample is based on image stacking of 2D image slices captured
along the principal fibre direction. Selected image slices are shown in Fig. 3.9 along with
the considered volume of interest (VOI) that is used to detect the fibre misalignment. The
view plane is analogous to Figs. 3.3 and 3.8.
1mm
(c)(a)
(d)
x
y
z
(e)
(b)
Figure 3.9: Selected image slices of the composite microstructure
at different locations along the principal fibre direction (out-of-
plane). The blue rectangles mark the volume of interest where
the fibre misalignment is determined. A movie clip entitled
JZAN_CT_scan showing the 3D construction of the image slices
as function of z can be found from the DTU Research Informa-
tion System, Orbit1. (a) z = 0. (b) z = 0.2zmax. (c) z = 0.4zmax.
(d) z = 0.6zmax. (e) z = 0.8zmax. (f) z = zmax = 3.36mm.
1To locate the file, follow the link http://orbit.dtu.dk/en/, and make a search on the thesis title
’The effects of fibre architecture on fatigue life-time of composite materials’. The movie clip appears under
documents appended to the thesis.
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It is seen from the image sequence, Fig. 3.9, along the principal fibre direction that the
fibre bundles change both shape and location. Also, the transverse backing bundles are
present between the axial fibre bundles at various locations. The reason for the skew top
side of the images in Fig. 3.9(e) and (f) is due to the cutting of the sample. The VOI,
marked in Fig. 3.9, is considered in the following to determine the fibre misalignment
within that specific region. Fig. 3.10 shows the methodology adopted in order to detect
the local fibre misalignment from two subsequent image slices separated by a distance
δz. The terminology ’local angles’ is used to refer to the slice-to-slice variation whereas
’global angles’ are used for entire fibre undulation.
Pix
y
z
Pi+1
rlim
d
j
k
U1θ
ϕ
δz
d
Figure 3.10: Detection of fibre with end points j and k from im-
age slices Pi and Pi+1. Definition of local misalignment angles φ
(in-plane) and θ (out-of-plane). Note that the local out-of-plane
angle, θ, is determined according to the overall fibre undulation
U1, see also Fig. 3.11. Sketch adopted from Paluch [40].
The distance between the image slices, see e.g. Fig. 3.10, is δz = 1.6µm, which is compa-
rable to the resolution of the scan. This image resolution means that fibre diameters are
not correctly identified, [P1]. Due to the relative low value of δz compared to the average
fibre diameter (17µm), it is reasonable to set the limit exploration radius, rlim, equal to the
detected fibre radius, rk. This means that a fibre is disregarded if |d| > rk. The in-plane
location and radius for the fibres in each slice are determined using the circular Hough
transformation, outlined in [P1]. The circle detection algorithm (Hough transformation)
might miss a fibre detection in subsequent image slices during the analysis. If so, a fibre
is still included in the analysis when the exploration criteria is met once/if the given fibre
is rediscovered in a later image slice. The local in-plane misalignment angle with respect
to the x-axis, φ, is determined as:
u = [d(1) d(2) d(3)]
v = [1 0 0]
⇒ φ = u · v‖u‖‖v‖ (3.2)
where ‖ · · · ‖ is the norm of the argument, and · is the dot product. The local out-of-
plane misalignment angle between each image slice, θ, with respect to the global fibre
undulation with direction U1, is given by:
u = [d(1) d(2) d(3)]
v = [U1(1) U1(2) U1(3)]
⇒ θ = u · v‖u‖‖v‖ (3.3)
The main undulation of the neutral axis of a fibre, is expressed in terms of the vectors Ui,
i = 1, 2, 3, as illustrated in Fig. 3.11.
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Figure 3.11: Main directions of fibre undulation, Ui, along with
inertia plane, Pp, associated to the entire detected fibre. Sketch
adopted from Paluch [40].
Assuming that the fibre undulation is primarily restricted to a plane, Pp, defined as the
centre of mass (inertia plane), see e.g. Fig. 3.11, the global fibre undulation Ui is deter-
mined as outlined by Paluch [40]. The spatial coordinates of the detected fibre along all
image slices are collected in matrix format:
X =
x1 y1 z1... ... ...
xN yN zN

where N is the total number of slices considered. The matrix g associated with the centre
of mass for the detected fibre coordinates, is:
g = XTD with D =
1
N
I
whereas the variance-covariance matrix, V, relative to the coordinates is equal to:
V = XTDX− ggT
In order to determine the main directions of the inertia plane Pp, spanned by the vectors
Ui, one needs to solve the eigenvalue problem of the form:
Va = λa (3.4)
The eigenvectors associated to Eq. (3.4) give the main undulation directions of the fibre,
Ui. The global misalignment angles with respect to the coordinate axis, α and β, are then
given by:
u = [U1(1) U1(2) U1(3)]
v = [1 0 0]
⇒ α = u · v‖u‖‖v‖ (3.5)
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and
u = [U1(1) U1(2) U1(3)]
v = [0 0 1]
⇒ β = u · v‖u‖‖v‖ (3.6)
with reference to Fig. 3.11. In the following, the local misalignment angles θ and φ are
determined for all detected fibres between each image slice, and the global misalignment
angles α and β are determined for each detected fibre.
3.3.3 Results and discussion
The fibre detection is based on a VOI sized 350 × 1875µm and height 3.36mm, which
amounts to analysis of approximately 2100 images. In order only to analyse fibres the
span somewhat across the VOI height, fibres and fibre segments that are less than 800µm
in height are disregarded. This results in detection of 640 individual fibres, and 10 ran-
domly selected reconstructed fibres are shown in Fig. 3.12. The accuracy of the fibre de-
tection can be improved using a larger resolution of the micro CT-scanner.
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Figure 3.12: 3D reconstruction of selected fibres based on micro
computed tomography and digital image analysis. Principal fi-
bre direction follows the z-axis. A planar projection of the fibres
is shown in Fig. 3.13. For visualisation, the axis are not scaled
similarly. The insert shows the location within the sample.
The often used approximation of straight fibres in unidirectional materials is a crude sim-
plification considering Fig. 3.12 where the fibres are obviously wavy and non-uniform. A
projection of the fibres to the xz and yz-plane is shown in Fig. 3.13.
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Figure 3.13: Projection of selected reconstructed fibres on axis-
planes. For visualisation, the axis are not scaled similarly. (a) xz-
plane. (b) yz-plane.
Fig. 3.13(a) shows the projection of the reconstructed fibres on the xz-plane, which is
the fibre variation through the thickness of the sample (see e.g. insert in Fig. 3.12). It
appears that the fibres undulate in a sinusoidal shaped way with a given wavelength
and amplitude, which might be caused by the presence of a backing layer, see also Fig.
3.9. Note that the wavelength is much larger than the amplitude, which is a result of the
figure axis scaling. The projection on the yz-plane, Fig. 3.13(b), suggest that the fibres are
almost aligned and inclined with the same angle. However, the fibres might be wavy on
a length scale larger than the specimen size analysed, or the inclination can be caused
by the specimen cutting and a slightly tilted sample in the micro CT-scanner. The local
fibre misalignment between each of the image slices, φ and θ, is presented in Fig. 3.14 in
terms of the cumulative distribution function (CDF) and the probability density function
(PDF).
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Figure 3.14: Local fibre misalignment between individual image
slices in terms of the CDF and PDF. See Fig. 3.10 for definition of
the angles. (a) In-plane misalignment, Eq. (3.2). (a) Out-of-plane
misalignment, Eq. (3.3).
The local in-plane fibre misalignment between each image slice, Fig. 3.14(a), shows equal
probability for all orientations. This means that each fibre at the microscale, is misaligned
with a random in-plane orientation. The out-of-plane misalignment, Fig. 3.14(b), is a mea-
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sure of the local microscale fibre variation with respect to the global fibre direction. A
mean around θ = 10deg and positive skewness are observed. Since the in-plane misalign-
ment angle is random and the out-of-plane angle is rather well defined, this indicate that
the fibre locally is ’spinning around’ the global fibre direction. The global fibre undula-
tion, expressed as α and β, is shown in Fig. 3.15 in terms of the cumulative distribution
function and the probability density function.
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Figure 3.15: Global fibre undulation in terms of the CDF and
PDF. See also Fig. 3.11 for definition of the angles. (a) In-plane
undulation, Eq. (3.5). (a) Out-of-plane undulation, Eq. (3.6).
Fig. 3.15(a) shows that the global in-plane undulation has maximum probability at α =
270deg, which indicates that the fibres drift in the transverse direction of the laminate.
Fig. 3.15(b) presents the global out-of-plane undulation of the fibres with respect to the
z-axis, and it shows that the fibres tend to incline with a somewhat well-defined angle
around β = 2deg. This angle is coupled with the fibre variation in the yz-plane, presented
in Fig. 3.13(b).
3.3.4 Summary
The fibre misalignment of a NCF has been determined based on micro computed tomog-
raphy and digital image analysis. It is demonstrated that the fibres are approximately
sinusoidal shaped in the thickness-wise direction of the laminate, and that the fibres are
globally inclined in the transverse laminate direction. On the microscale, each fibre is
’spinning around’ the global fibre direction. The observations presented are the first pre-
liminary steps for a full 3D characterisation of non-crimp composites. The fibre architec-
ture inside the bundles has been evaluated by simple means, and the next step is to char-
acterise the bundle shapes and spatial variation. Also, further investigations are needed
in order to document the effect of backing and stitching on the fibre misalignment as well
as comparison to the misalignment in pure unidirectional composites like wound plates.
Chapter4
Fatigue damage assessment
The second central theme in relation to present work is tension fatigue, which is ad-
dressed in the forthcoming chapter. First, the current status on materials research in re-
lation to fatigue of composites is outlined. Then, three different experimental studies are
presented where the fatigue life-time and the fibre architecture are linked together:
1. Investigation of the influence of fibre content on the life-time.
2. Identification of an appropriate stacking sequence of the preform.
3. The effect of specimen geometry on the fatigue life-time.
The chapter is closed with a numerical stress analysis using finite elements of the fatigue
damaged composite, and a discussion for fibre architectural improvements with respect
to tension-tension fatigue. Fatigue and fibre architecture are the themes of the appended
paper [P4].
4.1 Literature survey
The aim of the literature survey is to confine and identify existing and recent work done
within the field of fatigue damage mechanisms of non-crimp fabrics (NCF’s), e.g. used
for wind turbine rotor blades. For a general presentation on fatigue of composites, one
should confront the references in Sec. 2.4. Fatigue life prediction and strength degrada-
tion mechanisms of composites used for wind turbine blades have been considered in the
thorough and interesting work of Nijssen [26]. For wind turbine blade application, the
SNL/MSU/DOE fatigue of composite materials database developed at Montana State
University, [29], is a comprehensive and constant evolving information source within the
field.
Even though the wide range of applications of NCF’s, there is limited information avail-
able on the mechanical performance of these materials, especially in fatigue. A recent
and elaborative review on fatigue of NCF’s for wind turbine blade application, is found
in Vallons et al. [58]. With reference to the automotive industry, Vallons [59] made a com-
prehensive study on the response of carbon fibre NCF’s under various mechanical load-
ings. For static tensile loading, Edgren et al. [60] investigated the crack formation of a
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cross-ply laminate manufactured of a NCF. In continuation to the study of Edgren et al.,
the same research group studied the compressive behaviour of NCF’s with out-of-plane
misalignment, Joffe et al. [61]. Later, Mattsson et al. [62] examined the effect of stiffness
degradation and stacking sequence for the same NCF’s. Lomov [49] gives an excellent
introduction to the manufacturing, processing, mechanical performance, and application
of NCF’s. Discussions relevant to the present include: damage progression (by Asp et al.),
fatigue (by Vallons), and application in wind turbine rotor blades (by Adolphs and Skin-
ner). During tensile fatigue, Gagel et al. [63] considered the stiffness degradation, crack
density evolution, and temperature development of a quasi-isotropic multiaxial NCF.
The stiffness decrease was related to the crack density of the individual plies. In contin-
uation to the experimental study, Gagel et al. [64] numerically investigated the fatigue
behaviour of the same material. In a series of papers Adden and Horst, [65] and [66],
used the same NCF as Gagel et al. in order to investigate the crack density and stiffness
degradation of bi-axially fatigue-loaded tubes. Carvelli et al. [67] evaluated the impact of
structural stitching (Z-reinforcement) on the fatigue and post fatigue behaviour of a biax
NCF made of carbon fibres. They showed that the fatigue life-time for R = 0.1 improved
in favour of the stitched laminate in the direction of the structural stitching whereas it
reduced the life-time in the orthogonal direction.
Some of the above mentioned references also include numerical modelling of NCF ma-
terials, e.g. Edgren et al. [60], Joffe et al. [61], and Lomov [49]. Numerical predictions
and evaluation of the damage in NCF’s are typically based on the unit cell and/or rep-
resentative volume element approaches (e.g. Drapier and Wisnom [68], Zhao et al. [69],
and Tserpes and Labeas [70]). The multiscale modelling strategy is also common, see e.g.
Ernst et al. [71] and LLorca et al. [72]. However, independent on the modelling strategy,
the problem to model fatigue of NCF’s is cumbersome and require large computational
power. Therefore, most studies are focussed on the static behaviour, and more scientific
effort is needed for the fatigue behaviour to be assessed properly.
4.2 Fatigue and fibre content2
4.2.1 Introduction and motivation
It has previously been demonstrated e.g. by Mandell et al. [23] that there is a connection
between the fibre volume fraction and the fatigue life-time. In continuation to the obser-
vations done by Mandell and co-workers, the present section experimentally investigates
the interplay between the FVF and tension-tension fatigue life-time.
4.2.2 Material and method
In an experimental study with tension-tension fatigue tests, stress-cycle curves are es-
tablished for five different composite laminates with a varying fibre content. Selected
microstructural parameters are examined based on the methodology presented in [P1],
2The content of the present section has been presented at the DFC-11/SI-5 conference held at Queens
College, Cambridge University, 12-15 April, 2011.
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and these parameters are linked to the fatigue life-time of the material. The chosen mi-
crostructural parameters considered are: the FVF inside the axial bundles, the number
of contact points per fibre, and the nearest neighbour distance. Compared to the FVF,
which is a global average characterisation parameter, these microstructural parameters
are amongst those describing the internal structure of the material. It is believed that the
parameters selected contribute to the fatigue life-time. Test details are presented in Table
4.1.
Table 4.1: Test overview for fatigue life-time and fibre content.
Category Symbol Unit Value/comment
Test details
Stress waveform - [-] Sinusoidal
Stress ratio R [-] 0.1
Control mode - [-] Stress
Monitoring - [-] Extensometers
Frequency f [Hz] 5
Max. initial strain εmax [%] Varying
Static preload - [-] Yes
Test machine - [-] Servo hydraulic Instron
Materials
Fabric, UD - [-] UD1322 (see e.g. Fig. 3.2 and Table 3.1)
Fabric, biax - [-] BIAX450 (see e.g. Fig. 4.1 and Table 4.2)
Matrix - [-] Unsaturated polyester
Processing method - [-] VARTM
Number of layers - [-] 8
Stacking sequence - [-] [±452, 02]s
Geometry - [-] EN ISO 527-4:1997, [73]
The stacking sequence used is typical for testing of unidirectional composites at LM Wind
Power. Fabric details for the BIAX450 NCF are shown in Fig. 4.1 and Table 4.2. Only one
side of the fabric is shown in Fig. 4.1 since the other side is identical (reversed).
Weft
Warp
Fibre 
direction
(b) 
(a) Knittting
Figure 4.1: Fabric architecture of NCF BIAX450. Scale bar in units
of cm. Stitching pattern: chain. (a) Fibre structure (both sides of
the fabric are identical). (b) Magnification of ’fish eye’.
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For biaxial NCF’s, there is often a tendency to what is referred to as ’fish eyes’, i.e. regions
where the glass fibres are wavy due to the knitting, see Fig. 4.1(b). The ’fish eyes’ cause
resin rich pockets in the processed laminates. The size and distribution of these ’fish eyes’
serve as a quantitative measure of the fabric quality, [49].
Table 4.2: Fabric specifications for commercially available
BIAX450.
Category Symbol Biax Stitching thread
Orientation [deg] ±45 N/A
Area weight [g/m2] 220± 10 6± 3
Linear density, roving [tex] 160-420 7-9
Material [-] E-glass Polyester
Avg. filament diameter [µm] ≤ 19 N/A
The central gauge region of the test specimens has dimensions of 150× 25× tmm where
the sample thickness, t, depends on the fibre content. The experimental Wöhler curves
are determined for each experiment, and the SN -data for each test series are fitted to the
Basquin equation:
ε(N) = aN−
1
m (4.1)
thus presenting the data in a power law relation. The curve fits are performed according
to the guidelines provided in ASTM E739-10, [74].
4.2.3 Results and discussion
The Wöhler-curves and the associated best-fits to the Basquin-equation for the five dif-
ferent samples considered are shown in Fig. 4.2.
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#5, FVF = 68.6%
Basquin Fit
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Figure 4.2: Experimental Wöhler curves for [±452, 02]s compos-
ites with varying fibre content. Constants for the Basquin fits and
selected microstructural parameters are presented in Table 4.3.3
3Axis are removed to avoid publication of LM Wind Power material values.
CHAPTER 4. FATIGUE DAMAGE ASSESSMENT 37
As seen from Fig. 4.2, the fatigue life is decreased for increasing fibre content, which
was also observed by Mandell et al. [23]. The normalised constants for the Basquin fit are
shown in Table 4.3 along with the selected microstructural parameters (number of contact
points per fibre and the nearest fibre neighbour distance) obtained from a microscopic
investigation of the samples. The methodology is outlined in [P1]. The FWF is determined
by the loss ignition method, whereas the FVF is calculated inside the axial fibre bundles
(bundle scale in Sec. 3.2) based on the threshold analysis in [P1].
Table 4.3: Normalised Basquin constants and
result of the digital image analysis of glass
fibre reinforced composite with varying fibre
content exposed to tension fatigue.
Fatigue data Image analysis
Sample # FWF/FVF a/amean m/mmean CP a NN
[%] [-] [-] [-] [µm]
1 69.4 / 59.5 0.85 1.36 0.55 2.7/4.5
2 72.5 / 62.2 0.90 1.13 0.58 2.5/4.0
3 73.6 / 64.9 1.09 0.93 0.66 2.0/3.6
4 75.3 / 65.3 1.11 0.82 0.73 1.9/3.6
5 76.7 / 68.6 1.05 0.76 0.78 1.7/3.6
a CP Contact points per fibre
NN Nearest fibre neighbour distance, µ/σ
The fatigue slope, m, in Table 4.3 is affected by the different FVF’s, and shows a de-
creasing tendency for increasing FVF, thus a poorer fatigue resistance. The intersection
parameter, a, is somewhat independent on the FVF. A larger FVF implies a denser fibre
packing, reflected in the increasing number of fibres in contact and the decreasing fibre-
to-fibre distance. The fatigue exponent is plotted along with the number of contact points
per fibre as a function of FVF in Fig. 4.3. Here, simulation results for the number of fibres
in contact obtained from a numerical replication of the fibre architecture (see details in
[P2]) are shown as well. The bandwidth indicates variations for different simulations.
Figure 4.3: Fatigue life exponent and number of contact points
as function of FVF.
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From Fig. 4.3 it is observed that an increasing FVF gives a larger slope (smaller m) and
steeper fatigue curve. The decrease inm is linked to the local interaction between fibres in
contact, which is increasing as function of the FVF. A decreasing fatigue life exponent is
also reported by Mandell et al. [23]; however, the FVF in the laminates used in their work,
is fairly lower (from 30-55%) whereas the present is more realistic with respect to the
application in focus. The drop in fatigue slope is related to the increasing number of fibres
in contact. A numerical simulation of the fibre packing shows similar tendency as the
experiments in relation to the number of contact points per fibre. It thus seem fair to use
the simulated microstructure for future investigations of the effect of fibre architecture
and fatigue life. Based on the conclusions from [P2], the fibre packing pattern (e.g. the
Ripley’s K-function and the number of neighbours) does not change as function of the
FVF. Only, the fibres tend to pack more densely, e.g. reflected in the increasing number
of contact points or decreasing fibre-to-fibre distance (see also Table 4.3). Since the fibre
packing pattern does not change as function of the FVF, other factors like fibres in contact
affect the fatigue life. For static loading, Kushch et al. [54] numerically showed a stress
concentration in the vicinity of two neighbouring fibres. With reasonable confidence, the
same (cyclic) stress concentration is present in fatigue as well, causing a reduction in
life-time.
4.2.4 Summary
On the basis of the results presented above, it is concluded that there is an impact from the
composite microstructure on the tension fatigue performance. The FVF is used as a simple
measure of the microstructure, and linked to the experimental fatigue life-time diagrams.
Increasing the FVF decreases the life-time, which is linked to the internal microstructure
of the composite in terms of increasing number of fibres in contact and decreasing fibre-
to-fibre separation. The explanation for the actual cause of the material degradation for
varying FVF, is still unsettled.
4.3 Stacking sequence
4.3.1 Introduction and motivation
As shown in [P4], the transverse backing layer in the unidirectional NCF considered
in the present, is critical regarding tension-tension fatigue performance since damage
emerges from this layer. In continuation to the observations made in [P4], this section
presents an experimental study on the effect of different stacking sequences of the uni-
directional NCF UD1322 in relation to tension-tension fatigue. The effect of stacking se-
quence of cross-ply laminates manufactured of NCF’s under tensile static loading has
been investigated by different researchers, e.g. Mattsson et al. [62].
4.3.2 Material and method
Test details and material specifications are listed in Table 4.4. The material considered is
the same used in Sec. 4.2.
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Table 4.4: Test overview for stacking sequence and tension-
tension fatigue.
Category Symbol Unit Value/comment
Test details
Stress waveform - [-] Sinusoidal
Stress ratio R [-] 0.1
Control mode - [-] Stress
Monitoring - [-] Extensometers
Frequency f [Hz] 5
Max. initial strain εmax [%] [2× 0.6, 3× 0.8] per stacking sequence
Static preload - [-] Yes
Test machine - [-] Servo hydraulic Instron 8501
Material
Fabric - [-] UD1322 (see e.g. Fig. 3.2 and Table 3.1)
Matrix - [-] Unsaturated polyester
Processing method - [-] Closed mould, differential pressure
Number of layers - [-] 4
Average total thickness t [mm] 3.75
Stacking sequence - [-] See Fig. 4.4
Geometry - [-] EN ISO 527-4:1997, [73]
For each stacking sequence, two magnitudes of the maximum initial strain are consid-
ered, and the number of tests is shown in Table 4.4. All samples are tested to failure. Four
different stacking sequences are investigated, and a sketch is shown in Fig. 4.4.
Axial fibre bundles:
Indication of backing side:
A B C D
[0/b, b/0]s [0/b, 0/b]s [b/0, 0/b]s [b/0, b/0]s
Sample:
Figure 4.4: Illustration of the different stacking sequences of 4-
layered unidirectional NCF tested in tension-tension fatigue. b
denotes backing layer, and axial fibre direction is out of plane.
The average FVF on laminate scale, Vf , of the sample is determined using the relation:
t =
nAw
ρfVf
(4.2)
Where t is the laminate thickness (Table 4.4) with n number of plies, Aw the area density
of the fabric [g/m2] (Table 3.1), and ρf = 2610kg/m3 the fibre density. Evaluating Eq.
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(4.2) yields Vf ' 56.5%. The fatigue tests are carried out monitoring the stiffness loss and
fatigue life-time, and these are compared for the different stacking sequences.
4.3.3 Results and discussion
Prior to the actual fatigue test, the specimens are preloaded in order to determine the
static stiffness (and thereby set the initial fatigue load). The static stiffness and the average
number of cycles to failure for the different specimens are shown in Table 4.5. Due to the
limited number of specimens tested, only the mean value is presented for the life-times.
Table 4.5: Static stiffness and average number of cycles to failure
(round off) for different stacking sequences.
Sample A B C D
Stacking [0/b, b/0]s [0/b, 0/b]s [b/0, 0/b]s [b/0, b/0]s
Static stiffness, E0 [GPa] 49.0 48.5 48.1 47.6
Average no. cycles to
failure, εmax = 0.6 %
[-] 67,700 57,100 81,800 111,000
Average no. cycles to
failure, εmax = 0.8 %
[-] 23,100 13,300a 27,700 19,000
aData sampling failed for one specimen.
As seen from Table 4.5, the variation of the static stiffness is within 3% meaning insignifi-
cant changes for the different stacking sequences, which is in accordance with simple ply
theory. The fatigue life is affected by the stacking sequence. For the least loaded sample
where the backing layer is ’a single layer’ only, test D, the life-time is almost doubled
compared to specimen B. Furthermore, if the backing layer is located towards the free
surface of the specimen, the life-time is increased (specimens A and B vs. C and D). For
the largest load, the observations are slightly different. Here, samples A-C still have the
same life-time order as above, and sample D seems to fail premature. The stiffness degra-
dation curves are shown in Fig. 4.5.
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Figure 4.5: Stiffness degradation curves based on extensometer
measurements for different stacking sequences. (a) εmax = 0.6 %.
(b) εmax = 0.8 %.
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From Fig. 4.5(a), it is observed that the stiffness decrease when entering fatigue stage III
(see e.g. [P4]) close to final failure is in the order of 5%. This stiffness loss close to final
failure is somewhat independent on the stacking sequence. Furthermore, the stiffness
degradation rate increases for samples B and C compared to D. Specimens where the
backing layers are placed in contact to each other (double transverse layer thickness) give
a decrease in life-time (A, B and C). There does not seem to be any obvious explanation
for lower life-time of sample D at the largest load level. Otherwise, the observations are
similar as for the low load, but with larger scatter. One may argue whether the largest
load, Fig. 4.5(b), causes other damage mechanisms than the least loaded samples, which
is reflected in the irregular patterns of the stiffness degradation curves and relative few
number of cycles to failure.
4.3.4 Summary
An experimental investigation on the effect of stacking sequence on the tension-tension
fatigue life-time has been demonstrated. The transverse backing layer is critical with re-
spect to fatigue damage propagation, [P4], and the location of the backing layer in the
laminate affects the fatigue life-time. Even though a limited number of samples is tested,
and the experiments show some anomalous behaviour for the largest load, the trend (and
recommendation) is that future test laminates should be stacked as sample D, which is
[b/0, b/0]s .
4.4 Specimen geometry
4.4.1 Introduction and motivation
When performing experimental fatigue coupon testing of composite materials, there is
often a scatter on the measured life-time even though the same load and material are
used, see e.g. Table 4.5 and Fig. 4.5. In rotor blade design, this life-time variation is han-
dled using statistical methodologies, partial safety factors, and linear damage accumu-
lation rules to get a certain margin of safety to avoid failure, see e.g. the guidelines by
Germanisher Lloyd [20]. The life-time scatter cannot solely be explained by variations in
the microstructure, and other effects are present and should be taken into account, e.g.
stress concentrations near end tabs (Aslan [75]), the effect of clamping force from the test
machine (Mikkelsen & Bech [76]), and the design of the specimen geometry. The follow-
ing section addresses the tension-tension fatigue life-time for different specimen designs.
Two different test geometries from the same material batch are tested in tension fatigue,
and the difference in life-time is discussed. Thermographic measurements are used as a
tool for evaluation of the fatigue damage at a selected load level.
4.4.2 Material and method
The basic glass fibre fabric is same used in [P4] and the previous sections, namely the
UD1322. Details on the experiment are seen in Table 4.6.
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Table 4.6: Test overview for specimen geometry and tension-
tension fatigue.
Category Symbol Unit Value/comment
Test details
Stress waveform - [-] Sinusoidal
Stress ratio R [-] 0.1
Control mode - [-] Stress
Monitoring - [-] Extensometers and thermovision
Frequency f [Hz] 5
Max. initial strain εmax [%] 4× 0.8 per geometry
Static preload - [-] Yes
Test machine - [-] Servo hydraulic Instron 8501
Material
Fabric - [-] UD1322 (see e.g. Fig. 3.2 and Table 3.1)
Matrix - [-] Unsaturated polyester
Processing method - [-] VARTM
Number of layers - [-] 4
Average total thickness t [mm] 3.87
Stacking sequence - [-] [b/0, b/0]s (b is backing side)
Geometry - [-] See Fig. 4.6
The test geometries investigated are the standard planar ISO527-4 [73] geometry, and an
improved wedged fatigue geometry developed at DTU Wind Energy, Section of Com-
posites and Material Mechanics. A total number of 12 specimens is manufactured, 6 of
each geometry (4 of which are used in the present study). A sketch of the two specimen
designs is presented in Fig. 4.6.
End tabs thickness = 2.5mm
75 150 75
300
5
25
(a) Tension fatigue test geometry from ISO527-4, [73].
Circular arch with radius 900mm
175
Clamping section
Tabs Long tapering of tabst
130 10 60 65
60
410
140
2.0
140
(b) Improved tension fatigue test geometry (butterfly) developed at DTU Wind Energy.
Figure 4.6: Specimen geometries tested in tension-tension fa-
tigue. Geometries in mm.
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The maximum initial strain εmax = σmax/E0 = 0.8% is used as reference to investigate
the life-time variation. The damage propagation is investigated using thermovision on
one specimen from each geometry. A FLIR X6540sc thermographic camera equipped
with a MWIR 50mm lens is used. The period for the thermographic image sampling is
set to 30seconds, which means that the test frequency and image acquisition are out of
phase. In order to reduce eventual unwanted temperature rise in the gauge region, a fan
is mounted to ensure a constant airflow. Extensometers are kept in place with small steel
springs. An image of the experimental setup is shown in Fig. 4.7.
(a) (b) Load cell
Upper grip
Specimen 
(here:butterfly)
Extensometers
Lower grip
Actuator
Figure 4.7: Experimental test setup for tension-tension fatigue
tests of specimen design. (a) Side view. (b) Front view. Thermo-
graphic camera view.
4.4.3 Results and discussion
The stiffness degradation curves for the samples considered are shown in Fig. 4.8.
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Figure 4.8: Normalised stiffness degradation curves for speci-
mens loaded with an initial strain εmax = 0.8%. Images of the
fractured specimens are shown in Fig. 4.9. (a) ISO geometry, Fig.
4.6(a). (b) Butterfly geometry, Fig. 4.6(b).
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The stiffness degradation curves measured by the extensometers in Fig. 4.8 show typical
characteristics in terms of evolution: (i) stage I with a rapid decrease in stiffness within
few cycles, (ii) stage II with a linear softening, and (iii) non-linear or sudden failure. It ap-
pears that the final stiffness loss measured by the extensometers close to failure is around
5 %, which is in similar range as observed in Sec. 4.3. For butterfly samples 02, 04 and
05, an artificial stiffness increase is observed on the extensometer measurements close to
final failure. This increase is most likely due to a surface delamination, which entail an
incorrect displacement measure of the extensometer since it slides on the specimen sur-
face; thus, causing an artificial increase in the stiffness. The stiffness decrease measured
by the cross-head on the butterfly samples shows a different behaviour in terms of grad-
ually decreasing steps, which is investigated in further detail using thermovision. It is
mentioned that the initial stiffness, E0, of the cross-head often is larger than what is mea-
sured by the extensometers. The fractured specimens along with an objective estimate of
the location/origin of fracture are presented in Fig. 4.9.
02/202,475
03/319,474
04/163,204
05/190,150
Sample # /
cycles to failure:
07/109,676
08/180,942
09/236,725
10/136,936
Location 
of failure:
(a) (b)
**
Tab
Tab
Tab
Tab
Gauge
Tab
Gauge
Tab
Location 
of failure:
Sample # /
cycles to failure:
Figure 4.9: Images of broken specimens at εmax = 0.8%. The
stiffness degradation curves are seen in Fig. 4.8. The specimens
marked with an asterisk (*) are used in the thermography anal-
ysis. (a) ISO geometry, Fig. 4.6(a). (b) Butterfly geometry, Fig.
4.6(b).
As seen from Fig. 4.9, the mode of failure for the different specimens is quite different.
The ISO geometry, Fig. 4.9(a), primarily suffers from tab failure whereas some of the
butterfly geometries (02 and 04) experience tearing of the fibres in the gauge region. Still,
independent on the geometry, it seems difficult to mimic failure in the gauge region. The
average number of cycles to failure is reported in Table 4.7.
Table 4.7: Comparison of life-times (round-off) at εmax = 0.8 %
between the different sample geometries considered. The indi-
vidual number of cycles to failure is reported in Fig. 4.9. cv de-
notes the coefficient of variation.
Sample shape Reference Cycles to failure
µ σ cv
[-] [-] [%]
ISO Fig. 4.6(a) 166,000 56,000 33.4
Butterfly Fig. 4.6(b) 219,000 69,000 31.6
CHAPTER 4. FATIGUE DAMAGE ASSESSMENT 45
The mean number of cycles to failure is approximately 30% larger for the improved but-
terfly geometry than the ISO geometry, see e.g. Table 4.7. The coefficient of variation, cv,
is in similar magnitude for the different geometries, indicating that the scatter range is
approximately identical.
Samples number 10 (ISO) and 05 (butterfly) (see e.g. Figs. 4.8 and 4.9) are equipped with
thermovision to monitor the temperature development as function of load-cycles. The
results are shown in Figs. 4.10 and 4.11, respectively, and the camera view is seen in
Fig. 4.7(b) for comparison. The rapid increase in cross-head compliance for the butterfly
samples, Fig. 4.8(b), is explained by the thermographic observations.
The remaining page is intentionally left blank.
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(a) (b)
(c) (d) (e)
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Figure 4.10: Global and local temperature development as func-
tion of stiffness degradation at selected load cycles for ISO ge-
ometry sample 10, Fig. 4.6(a). The gauge region is magnified,
and the number below each global temperature image denotes
the test time (hh:mm:sec). The temperature colourbar valid for
all the global and local temperature variations, is shown in
sub-figure (e). A movie clip entitled JZAN_Temp_GPV_10_ISO
showing the temperature development as function of stiffness
degradation can be found from the DTU Research Information
System, Orbit. See footnote 1 on page 27 for description of the
accessibility.
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Figure 4.11: Global and local temperature development as
function of stiffness degradation at selected load cycles for
butterfly geometry sample 05, Fig. 4.6(b). The gauge region
is magnified, and the number below each global tempera-
ture image denotes the test time (hh:mm:sec). The temper-
ature colourbar valid for all the global and local tempera-
ture variations, is shown in sub-figure (e). A movie clip enti-
tled JZAN_Temp_GPV_05_Butterfly showing the tempera-
ture development as function of stiffness degradation can be
found from the DTU Research Information System, Orbit. See
footnote 1 on page 27 for description of the accessibility.
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A comparison between Figs. 4.10 and 4.11 yields that the temperature develops differ-
ently for the various geometries. The ISO geometry, Fig. 4.10, shows constant tempera-
ture and heating of the material inside the clamping section as a function of number of
applied cycles. Since the material is constrained inside the clamps, it is likely that the
heating (due to the damage) occurring inside the clamps cannot be monitored by the
cross-head position, reflected in the smooth stiffness degradation curves in Fig. 4.8(a).
On the other hand, the butterfly geometry, Fig. 4.11, shows a rapid increase in compli-
ance occurring as a consequence of heating in the tab region outside the clamping sec-
tion. The increase in compliance is consistent for all butterfly samples considered, see e.g.
the stiffness degradation curves in Fig. 4.8(b). The rapid increase in compliance is related
to propagating heat waves arising due to delamination and/or debonding in the tab re-
gion (more clearly seen on the movie clips). For both geometries, the temperature in the
gauge region is somewhat constant. The temperature rise of the lower clamping device,
is caused by the moving actuator. Selected regions of interest (ROI’s) are analysed in or-
der to investigate the local temperature development as function of load cycles. Fig. 4.12
shows the heat development within the clamps and in the gauge region as function of
load-cycles. Post failure data is included to show the temperature drop after final failure.
(a) ISO-geometry, Fig. 4.6(a).
(b) Butterfly-geometry, Fig. 4.6(b). The dashed red lines marked (b)-(d) refer to the corresponding markers
on the stiffness degradation curve shown in Fig. 4.11.
Figure 4.12: Temperature development in specific regions of in-
terest as function of load cycles for different test geometries con-
sidered. Solid lines represent the mean temperature within the
region, and the shaded region marks the measured standard de-
viation. Region 1: upper grip, region 2: gauge area, and region
3: lower grip. For the butterfly geometry, region 4: below upper
grip, and region 5: above lower grip.
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The ISO geometry, Fig. 4.12(a), shows continuous increasing heat development until fail-
ure in the lower clamp. The temperature in the ROI’s in the gauge region and upper
clamp seem to stagnate and remain constant as function of applied cycles. Considering
the ROI’s in the clamps for the butterfly geometry, Fig. 4.12(b), the temperature scatter
is significantly reduced, and the heat development and maximum temperature are less
compared to the ISO geometry. Near failure, the ROI in the upper clamp heats up. The
butterfly geometry shows heating outside the grip section in the tab area, and these ROI’s
are shown as well in Fig. 4.12(b). With reference to Fig. 4.11, the locations for rapid in-
crease in compliance are marked by the dashed red lines in Fig. 4.12(b). In Fig. 4.12(b),
it is observed that the compliance increases are related to temperature variations outside
the clamping section in the tab area (regions 4 and/or 5). Continuous surface tempera-
ture rise as function of load-cycles, as in Fig. 4.12(a), has also been reported by Gagel et
al. [63].
When considering Fig. 4.12, one should keep in mind that temperature variations within
the material are associated to two different mechanisms: (1) hysteresis, which is accumu-
lated and irreversible, (2) thermoelastic effect, which is proportional to the load applied.
For both geometries, the continuous temperature increase in the clamping section is re-
lated to hysteresis and irreversible damage, and final failure also occur in the tab region
(see e.g. Fig. 4.9). The gauge region of the specimens (ROI 2 in Fig. 4.12) seems to ex-
perience a fluctuating temperature with constant mean as function of load cycles. This
fluctuation is related to the thermoelastic response as a consequence of the applied stress.
Due to the sampling period of the thermographic images, the wavelength appears larger
than what is actually the case. According to Stanley & Chan [77], the temperature change
in an orthotropic material as a consequence of the applied stress, is expressed as:
∆T = − T
ρCp
(α1∆σ1 + α2∆σ2) (4.3)
where ∆T is the temperature oscillation, T is the absolute surface temperature of the ma-
terial, ρ is the material density, Cp is the specific heat capacity, αi are the coefficients
of thermal expansion in the two principal material directions i = 1, 2, and ∆σi are
the amplitudes of the principal stresses. For the experiment analysed above using ther-
mography, the only present stress range is ∆σ1 = σmax(1 − R) = E0εmax(1 − R) '
47 · 103 0.008(1 − 0.1) ' 338 MPa with an average surface temperature, T , given in Fig.
4.12. Fruehmann et al. [78] considered a thermoelastic stress analysis based on a wo-
ven glass-fibre-reinforced epoxy composite, and came up with the following parameters:
ρ = 1980 kg/m3, Cp = 828 J/kg K, and α1 = 8.54 · 10−6 1/K. It is noted that these parameters
are valid for a woven composite, but assuming they can be used for the present material,
Eq. (4.3) yields a temperature fluctuation in the range around ∆T = 0.5◦ C. By compari-
son with the magnitude of the temperature oscillation of ROI 2 in Fig. 4.12, this value for
∆T seems to be in similar range where the oscillation is approximately ∆T ' 0.35◦ C.
4.4.4 Summary
The life-time and damage (heat) evolution in tension-tension fatigue have been evalu-
ated for two different test geometries. The exponent of the SN -curve varies in favour for
the ISO geometry, which is most likely caused by the limited number of experiments.
50 4.5. STRESS ANALYSIS
Quantitative measurements using thermovision demonstrate the need for improving test
geometries for tension-tension fatigue test since failure occurs outside the gauge region.
The true life-time of the material is therefore not obtained. Even though an improved but-
terfly test specimen provides a larger life-time at the most frequent analysed maximum
strain, it appears that failure still does not occur in the gauge section. The individual life-
time scatter is caused by differences in the heat development during the test, and more
research is needed to document this statement. In order to design a consistent test geome-
try that allows for the real material characteristics to be measured, the damage modes and
origin of heat development of the specimen must be understood and described. For in-
stance, the stress concentration near and between the end tab and the specimen has been
analysed by Aslan [75]. Recently and ongoing research at the institute is focussed on nu-
merical modelling and prediction of the stress field due to clamping, Mikkelsen and Bech
[76]. Future studies will hopefully provide some of the answers to the problems related
to the design of fatigue test specimens.
4.5 Stress analysis
4.5.1 Introduction and motivation
[P4] shows an experimental study on tension-tension fatigue damage propagation of a
NCF, and the transverse backing layer is demonstrated to initialise fatigue failure. In
order to evaluate the stress field causing transverse cracking in the backing bundle dur-
ing fatigue, a simple stress analysis is carried out using finite elements for two different
cases: un-cracked and cracked transverse backing bundle. The intention is to provide ba-
sic understanding regarding the stress distribution in the backing layer with regards to
the damage modes observed in tension-tension fatigue. The finite element calculations
are carried out in the commercial code ABAQUS 6.11.
4.5.2 Un-cracked backing bundle
The stress analysis of the un-cracked NCF material, is based on the unit cell approach.
The discretised unit cell presented in [P4] is used to model the material, and a sketch of
the unit cell is seen in Fig. 4.13.
Load
Axial bundles
(a)
Backing bundles
Axial
stitching
A
A
Axial fibres
Backing bundles
Section A-A(b)
Matrix
(c) Homogenised axial layer
Homogenised and discretised 
backing bundles
L1 L2 L3L4 L5 L6 L7 L8
(d)
2L2 2L1 2L2 2L1 2L2 2L1
Unit cell
L1L2
(e)
t1
t2
Figure 4.13: Homogenisation and sketch of unit cell representa-
tion of un-cracked non-crimp fabric (not to scale). (a) Top view
of fabric architecture, cf. Fig. 3.2(b). (b) Longitudinal section. (c)
Homogenisation of fibrous layers. (d) Generalisation and dis-
cretisation of geometry. (e) Unit cell representation.
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The unit cell is based on homogenised properties of the fibrous layers, and discretised so
that the backing bundles are separated with equidistant distance. However, by coupling
several unit cells in series with different lengths, the non-discretised model, Fig. 4.13(c),
can be replicated. The mechanical properties and boundary conditions of the unit cell are
shown in Fig. 4.14.
L1 L2
(a)
t1
Homogenised backing 
bundle. Et and ν21.b
Homogenised axial 
bundle. Ea and ν12.
αt = t1 / t2 
αL = L2 / L1
y,2
x,1
(b)
t2
Surface path
Interface path
ε0Matrix. Em and νm.
Figure 4.14: Unit cell for stress analysis of un-cracked backing
bundle, see also [P4]. The axial fibres are oriented in horizon-
tal direction, and transverse backing fibres are oriented out-of-
plane. (a) Geometry and constituents. (b) Boundary conditions,
load, and paths for determination of stresses.
It is chosen to consider a unit cell with the backing layer oriented towards a free surface,
e.g. as the case for the surface bundles analysed in [P4]. This means that the boundary
conditions are imposed as shown in Fig. 4.14(b). If the unit cell is surrounded by other ma-
terial layers, e.g. as the interior bundles in [P4], the adjacent layers provide a constraint,
and the boundary conditions must be re-evaluated. A uniform displacement (strain) is
applied to the unit cell. The geometry of the unit cell is set up as follows. The thickness
ratio, αt = t1/t2, is taken independent on the FVF, and is determined as the ratio between
the area weight of the different fibre layers, i.e. αt = 60/1322 = 0.05 cf. Table 3.1. The
thickness of the axial layer, t2, is estimated using Eq. (4.2) on page 39 for a given FVF, and
thereby t1 = t2αt. In order to determine the length of the backing bundle, L1, the aver-
age fibre area, Ab, of the dry backing bundle is estimated by multiplication of the linear
density of the backing bundle, Ld, (see Table 3.1) with the backing fibre density, ρbf . Based
on the assumption of similar fibre volume fraction in the axial and backing bundles, the
length of the backing bundle is:
L1 =
Ab
t1 Vf
=
Ld ρ
b
f
t1 Vf
(4.4)
The length of the matrix between the backing bundles, L2, follows from a given value
of αL = L2/L1. In analogy with [P4], the homogenised stiffness of the axial bundle, Ea,
and backing bundle, Ebt , are predicted using the rule of mixtures and the Halphin Tsai
equation, respectively. All materials are modelled linear elastic with Young’s modulus
and Poisson’s ratio. The matrix stiffness is Em = 3.3 GPa, and the fibre stiffness is Eaf =
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87.5 GPa and Ebf = 70 GPa for the axial and backing fibres, respectively. For simplicity,
Poisson’s ratio is taken independent on the volume fraction with magnitude ν12 = ν21 =
0.3 for the homogenised backing and axial bundles, and νm = 0.35 for the matrix. The
fibre density is ρaf = 2.61 g/cm3 (axial) and ρ
b
f = 2.55 g/cm3 (backing). Inputs in setting up
the geometry of the model are the fibre volume fraction, Vf , and the length ratio, αL, and
a sketch is shown in Fig. 4.15 for two different unit cells.
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Figure 4.15: Sketch of unit cell geometries for varying fibre vol-
ume fraction and length. (a) Vf = 50 %, αL = 0.5. (b) Vf = 60 %,
αL = 1.0.
Increasing the fibre volume fraction reduces the thickness of the unit cell, cf. Fig. 4.15.
Due to the larger stiffness of the axial and backing bundles compared with the matrix,
it is reasonable to assume that they provide an out-of-plane constraint on the less stiff
matrix material. Thus, the matrix is modelled using a plane strain assumption (CPE4R, 4-
node bilinear plane strain quadrilateral element with reduced integration and hourglass
control) whereas the remaining materials are modelled under plane stress (CPS4R, 4-
node bilinear plane stress quadrilateral element with reduced integration and hourglass
control). A 2D model is used with increased mesh density in the vicinity between the
different materials. The study is carried out as a linear static step, and no damage is
included. The stress analysis is conducted for a varying length of the unit cell and fibre
volume fraction considering the stress in the backing bundle, see e.g. the stress paths in
Fig. 4.14(b). Along the interface between the backing and axial bundles, the following
stresses are evaluated: normal (σ22) due to the risk of interface debonding, shear (σ12)
due to the stress transfer between the layers, and axial (σ11) due to the risk of transverse
cracking. At the surface, the axial stress is also evaluated for comparison to the interfacial
stress. The stress results are presented in Fig. 4.16 for a varying fibre volume fraction and
length of the unit cell. The stress components are normalised with the far field stress in
the axial bundle, σ0 = Eaε0.
With reference to Fig. 4.16, the following observations are done. The shear stress, σ12,
along the interface has its maximum in the vicinity close to the matrix rich area in-
between the backing bundles. Over a certain shear transfer length, the shear stress is
transferred into axial stress in the backing bundle. The maximum shear stress increases
for larger FVF, and is independent on the length of the unit cell. During tension fatigue,
transverse cracks emerge in the backing bundle in a somewhat regular spaced pattern,
[P4]. At some point, the shear transfer length becomes diminishing due to the crack spac-
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Figure 4.16: Selected stress components along the paths shown
in Fig. 4.14(b) for varying fibre volume fraction and length of the
unit cell. Results are normalised with the far field stress in the
axial layer, σ0 = Eaε0. (a) Vf = 50 %, αL = 0.5. (b) Vf = 60 %,
αL = 0.5. (c) Vf = 50 %, αL = 0.1. (d) Vf = 50 %, αL = 2.0.
ing, and the shear stress cannot be transferred any loner; thus, a crack saturation level is
reached. The stress field in the cracked unit cell is investigated in the next section. The
normal stress, σ22, is diminishing or compressive along the entire interface, but in the
vicinity close to the matrix, the stress is tensile. Depending on the properties of the in-
terface, this might cause interface delamination. The magnitude of the normal stress is in
similar range independent on the FVF and unit cell length. The axial stress, σ11, builds up
towards the centre of the backing bundle until a steady value of approximately 0.25σ0,
which is the magnitude of the stiffness ratio between the backing and axial bundles. In-
creasing the FVF, slightly increases the axial stress, and the influence of a varying length
is infinitesimal. This observation is consistent both along the interface and at the surface.
The transverse tensile strength of a unidirectional composite is typically much lower than
the longitudinal (approximately within 5%, Soden et al. [79]), thus the risk of transverse
cracking is increased for larger FVF’s due to the increased axial stress. The shapes of the
stress components along the different paths, Fig. 4.16, are similar to the ones presented
by Alfredsson et al. [80] considering a different material system with the same unit cell.
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Based on the simple stress analysis provided above, the following statements are pre-
sented:
• Stresses are transferred to the backing bundles through shear along the interface.
• Increasing the FVF gives larger axial stresses in the backing bundle, and an in-
creased risk of transverse cracking.
• In order to obtain a more uniform stress state, it is advantageous to spread out the
backing fibres more evenly.
It is noted that the present analysis is performed for a linear static loading, and the stress
field changes if damage occurs. For a cyclic load with a given stress magnitude and am-
plitude, Fig. 4.16 can be used to estimate selected stress components for a given unit cell.
4.5.3 Cracked backing bundle
In continuation to the previous analysis, the subsequent situation to consider is the cracked
backing bundle. As in the previous section, a surface layer is considered for evaluation
of the stress field, and it is assumed that the transverse cracking happens sequentially as
function of applied load cycles. This sequence is illustrated in Fig. 4.17.
Load
Axial bundles
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Backing bundles
Axial
stitching
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Axial fibres
Backing bundles
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Matrix
(c)
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Load
Figure 4.17: Sketch of transverse cracking sequence in backing
bundle as a function of applied cycles, N , with N0 < N1 < N2 <
N3. Transverse cracks are illustrated in red. (a) Top view of fabric
architecture, see e.g. Fig. 3.2(b). (b) Intact, N = N0. (c) Initialisa-
tion, N = N1. (d) Propagation, N = N2. (e) Saturation, N = N3.
As shown schematically in Fig. 4.17, transverse cracking happens sequentially as function
of applied cycles. The crack density increases as function of load cycles until a saturation
level is reached. In order to model this behaviour numerically, a representative unit cell
of the transverse cracking sequence is established, see Fig. 4.18. The cracked unit cell is
somewhat similar to the ones used e.g. by Xia et al. [81] and Lundmark & Varna [82].
Idealised, transverse cracking occurs as a schematic sequence; thus, causing a systematic
reduction in the length of the unit cell. Practically in the numerical model, this is achieved
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Figure 4.18: Sketch of unit cell representation of idealised trans-
verse cracking sequence in backing bundle as a function of ap-
plied cycles, N , with N0 < N1 < N2 < N3. Transverse cracks are
illustrated in red, see also Fig. 4.17 for comparison. (a) Longitu-
dinal section of fabric architecture. (b) Homogenisation and dis-
cretisation. Intact, N = N0. (c) Initialisation, N = N1. (d) Propa-
gation, N = N2. (e) Saturation, N = N3 and representative unit
cell. (f) Unit cell geometry.
by introducing a length reduction factor, β, varying from 4 (large crack spacing, pseudo
un-cracked) to 0.05 (small crack spacing, saturation). In the present investigation, it is
chosen to fix the values for the material properties, and a FVF equal to 0.5 is used. The
mechanical properties of the individual constituents are determined based on homogeni-
sation techniques. The thickness t1 and t2, and initial length of the unit cell, L, are found
as outlined in the previous section and in [P4]. This leads to an initial default length of the
unit cell L = 0.58 mm, which is comparable to the extension of the backing layer shown
in Fig. 4.15(a). It is observed that the unit cell representation of the cracked configura-
tion, Fig. 4.18(f), is remarkably similar to the un-cracked configuration, Fig. 4.14(a), if the
length of the matrix is taken infinitesimal compared to the extension of the entire unit
cell. In the numerical model, the transverse crack is modelled as a gap with properties,
geometry, and boundary condition as shown in Fig. 4.19.
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Figure 4.19: Unit cell for stress analysis of cracked backing bun-
dle. The axial fibres are oriented in horizontal direction, and
transverse backing fibres are oriented out-of-plane. (a) Geome-
try and constituents. (b) Boundary conditions, load, and paths
for determination of stresses.
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Two selected stress components are evaluated for the cracked unit cell along the different
paths: the shear stress is determined in the vicinity of the interface between the two lay-
ers, and the axial stress along the surface. The axial stress at the surface is used since this
causes transverse cracking. Furthermore, the compliance of the unit cell is determined
numerically as function of crack density. The compliance is determined using a node-set
along the boundary at x = 0 to extract the reaction force in the x-direction, which can be
converted to compliance by Hooke’s law and the magnitude of the applied strain. The
result of the stress analysis is shown in Fig. 4.20.
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Figure 4.20: Stress analysis of cracked unit cell. The crack spac-
ing is reflected in the length reduction factor β. Results are nor-
malised with the far field stress in the axial layer, σ0 = Eaε0. (a)
Shear stress, σ12, in the vicinity of the interface. (b) Axial stress,
σ11, along the surface path.
The shear stress along the interface for the cracked backing bundle, Fig. 4.20(a), shows
that for a ’long’ unit cell (β > 1.0) there is a certain shear transfer length that allows
for the stress to build up in the backing bundle. For β < 0.4, the shear stress cannot be
transferred completely into the backing bundle, and the shape of the shear stress curve
changes and flattens. Fig. 4.20(b) shows that the axial stress at the surface in the centre of
the bundle is diminishing for β < 0.2, otherwise constant. For this value of β it is therefore
expected that no further cracking of the backing bundle can occur. For β = 0.1 and 0.2, the
corresponding normalised crack density is in the range snorm = t12βL1 ' 0.2 − 0.4, which
is in the same order of magnitude as reported experimentally in [P4] where snorm ' 0.3
for a surface bundle.
The normalised compliance as function of normalised crack density is presented in Fig.
4.21. At crack saturation, the limit for the normalised compliance is determined as:
C
C0
=
E0
Ecrack
=
Eat2 + E
b
t t1
t1 + t2
t1 + t2
Eat2
= 1 +
Ebt
Ea
t1
t2
(4.5)
where the stiffness and geometry terms are defined in Fig. 4.19. Eq. (4.5) is also referred
to as the ply discount model, see Tsai [83] and for instance Mattsson et al. [62].
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Figure 4.21: Numerical prediction of the unit cell compliance as
function of normalised crack density.
For increasing crack spacing, Fig. 4.21 shows that the compliance increases; first in a linear
manner, secondly in a non-linear manner. The shape of the curve seems to be in line
with analytical predictions by Joffe & Varna [84] and Hansen [85]. Since the FE-model
is elastic, there will always be some stress transfer between the layers, and the crack
saturation level is likely never reached. Based on experimental fatigue tested samples,
[P4] determined the normalised crack spacing at saturation in the range around 0.3-0.4.
Taken into account the simplistic FE-model, idealisation and variations of the material
properties, and the statistical variations in the crack spacing measurements, there seems
to be agreement between the predicted compliance in Fig. 4.21 and the experimentally
measured crack saturation level.
4.5.4 Prediction of transverse crack spacing
The spring model developed in [P4] to analyse the stiffness of the unit cell shown in Fig.
4.14(a), is in the following used to predict the transverse crack spacing for different fibre
volume fractions of the composite laminate. As explained in [P4], the spring model is
used to estimate the compliance of the laminate at full crack saturation. The compliance
(or stiffness decrease) predicted by the spring model seems to correlate with the exper-
imentally observed stiffness degradation during stage I of a fatigue experiment, [P4]. If
the stiffness of the backing bundle in Fig. 4.14(a) is lost, this corresponds to crack sat-
uration of the layer. Using the spring model to describe this behaviour, the associated
normalised compliance is plotted in Fig. 4.22 as function of the FVF.
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Figure 4.22: Spring model prediction of unit cell compliance at
crack saturation as function of fibre volume fraction.
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Assuming that the normalised compliance obtained from the spring model, Fig. 4.22,
can be coupled to the generic numerical prediction for the transverse crack spacing, Fig.
4.21, it is possible to obtain an estimate on the normalised transverse crack spacing for a
varying fibre volume fraction of the laminate. The estimate is shown in Fig. 4.23.
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Figure 4.23: Estimate of normalised transverse crack spacing at
saturation as function of fibre volume fraction.
The crack spacing at saturation is decreasing as function of the fibre volume fraction,
Fig. 4.23, which is likely caused by the increase in stiffness of the constituents, see also
Hansen [85]. The result presented in Fig. 4.23 serves a first estimate on the crack spacing
at saturation for a surface bundle, and additional experimental or advanced numerical
calculations should be used to verify the estimate.
4.5.5 Summary
A simple stress analysis using finite elements is used to investigate the stress field of
an un-cracked and cracked backing bundle in a NCF composite in order to describe the
damage onset observed in tension-tension fatigue experiments. Stresses are transferred
from the stiff axial fibre bundle into the backing bundle through shear along the inter-
face. Depending on the extension of the backing bundle, axial stresses build up towards
the centre of the bundle. These axial stresses cause transverse cracking of the bundle,
and it is demonstrated that the axial stresses are diminishing as the crack spacing is de-
creased. The compliance of the cracked unit cell is used to provide an estimate on the
saturated crack spacing as function of the fibre volume fraction of the laminate. Even
though simplistic finite element models are used, the transverse cracking sequence can
be predicted with reasonable accuracy in comparison to the experimental data available.
Due to the lack of reliable and suitable material properties for the composite analysed, it
has not been possible to evaluate the transverse cracking using analytical models like for
instance Joffe & Varna [84] or Hansen [85].
4.6 Discussion on fibre architecture
The previous sections have investigated different aspects of tension fatigue damage in
unidirectional materials made of NCF’s for wind turbine blades. Transverse cracking of
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the backing bundle is demonstrated to be the first mode of failure in tension-tension
fatigue, [P4], and it is thus important to overcome this damage mode. The following
section is based on ideas and observations made during the study, and should be taken
as instructive regarding future improvements of the fibre architecture of NCF’s in relation
to tension-tension fatigue.
Interlaminar shear stresses and the transverse crack density are reduced if an interleaf is
applied between the transverse backing and axial layers, see e.g. Hansen [85] and Gille-
spie & Hansen [86]. Application of an interleaf can be difficult to overcome in a practical
fabric design, but is accomplished if a thin compliant sheet is placed in-between the back-
ing and axial layer.
Transverse cracking of the backing bundle is related to the stiffness and thickness of the
layer, and an increased stiffness of the transverse layer decrease the onset stress of trans-
verse cracking, Hansen [85]. Thus, it is recommended to use a more compliant material
for the backing fibres. The onset strain of transverse cracking may also be lowered if the
thickness of the layer is reduced. However, the improvement of a reduced thickness is
minor, and can be difficult to accomplish in reality (see also discussion in [P5]).
For the present material used, the backing fibres are oriented in ±80 deg, and it is likely
that there exists an optimum orientation of the backing fibres in order to minimise trans-
verse cracking. Opening stresses causing transverse cracking are reduced if the orienta-
tion is θ = ±45 deg, and finding the optimum orientation requires a more thorough study
since the damage mode for an off-axis ply might be different compared to cross-ply. Vino-
gradov & Hashin [87] recently proposed an approach based on variational calculus to
deal with the stiffness reduction of cracked off-axis laminates.
Using the material data from the commercially available AS4/3501-6 unidirectional car-
bon/epoxy prepreg composite, Nairn [88], investigated transverse crack density devel-
opment for static loading of cross-ply laminates with different layer thickness. The main
results are reproduced in Fig. 4.24.
epoxy laminates. Other results as a function of
laminate stacking sequence in the literature
show the same trends as the results in Nairn
et al. (1993).
Some multiple microcracking results for sev-
eral different [0n/90m] AS4/3501 carbon/epoxy
laminates are given in Figure 2. For all lami-
nates, the characteristic microcracking curve
has no microcracks until some onset stress
that corresponds to the initiation of micro-
cracking. After the initial microcrack, the
microcrack density typically increases very
rapidly. At high crack density, the microcrack-
ing slows down and approaches a saturation
damage state. The initial rapid rise varies
between different material types with some
laminates having a slower increase in crack
density or a more sigmoidal shape than other
laminates. The rate of the initial rise has been
associated with manufacturing defects or sta-
tistical inhomogeneities in the ply material
(Nairn and Hu, 1994; Liu and Nairn, 1992;
Nairn et al., 1993). In other words, a broad-
ening of the rising portion of the microcrack
density curve probably indicates laminates with
more statistical variability than laminates with
a more rapid rise in microcrack density. Well-
made carbon/epoxy laminates, such as those
used for the result in Figure 2, typically have
a rapid rise in microcrack density. Laminates
with thermoplastic matrices that are harder to
manufacture with uniform fiber distributions
typically have a slower rise in crack density
(Liu and Nairn, 1992). Some analysis methods
to account for statistical variations in micro-
cracking properties are discussed later in this
chapter.
The three experiments in Figure 2 are for
laminates with the same thickness of 08 plies
but different thicknesses of 908 plies. The onset
stress decreases as the thickness of the 908 plies
increases. This effect is another observation of
the microcracking initiation properties dis-
cussed above where microcracks form more
easily in thicker 908 ply groups or microcrack-
ing is suppressed in thin 908 ply groups. On
continued loading, however, the situation
reverses—thinner 908 ply groups eventually de-
velop more microcracks than thicker 908 ply
groups. In other words, the saturation crack
density is inversely related to the thickness of
the 908 plies. Some analogous microcracking
experiments on very thin, 50–100 nm, SiOx
coatings on polymeric substrates yield final
crack densities of 200 cracks permm suggesting
that an inverse relation between layer thickness
and saturation crack density is general for mi-
crocracking phenomena (Leterrier et al., 1997a,
1997b). Finally, the smooth lines in Figure 2 are
fits to the experiments using a fracture me-
chanics analysis of microcracking that is dis-
cussed below.
As observed for microcrack initiation prop-
erties, the multiple microcracking properties of
[90m/0n]s laminates differ from those of the
corresponding [0n/90m]s laminates. Some typi-
cal results for four different [90m/0n]sAS4/3501-
6 carbon/epoxy laminates are given in Figure 3.
The characteristic curves are the same as for [0n/
90m]s laminates—after an onset of microcrack-
ing there is a rapid rise in microcrack density
followed by a slowing towards microcracking
saturation at high applied loads. The four
experiments in Figure 3 are for laminates with
Figure 2 Microcrack density as a function of applied stress for three AS4/3501-6, [0/90n]s laminates. The
symbols are experimental results. The lines are fits to the experiments using the fracture mechanics analysis
of microcracking with Gmc=250+ 10 Jm
72 and assuming fixed displacement boundary conditions.
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(a) [0/90m]s.
the same thickness of 908 plies but different
thicknesses of the 08 plies. These results show
that the microcracking properties of a laminate
are not just a property of the thickness of the
908 plies; the properties also depend on the
thickness and mechanical properties of the sup-
porting plies. Comparing the results for the [0/
90]s and [90/0]s laminates in Figures 2 and 3,
which are the same laminate tested in two
different directions, shows that microcracks
start sooner in [90m/0n]s laminates but that [0n/
90m]s laminates eventually develop more micro-
cracks at saturation (Nairn and Hu, 1992b;
Berglund et al., 1992; Smith et al., 1998).
Another important difference between [0n/
90m]s and [90m/0n]s laminates is the final char-
acteristic damage state. In [0n/90m]s laminates,
there is only one ply group that microcracks
and it develops a roughly periodic array of
microcracks (see Figure 4(A)). In contrast,
[90m/0n]s laminates have two microcracking
ply groups. They each develop roughly periodic
arrays of microcracks, but the microcracking
pattern in one ply group tends to be staggered,
rather than aligned, with the microcracking
pattern in the other ply group (Nairn and Hu,
1992b, 1994; Highsmith and Reifsnider, 1982)
(see Figur 4(B)). The development of antisym-
metric or staggered microcracks can be
explai ed by consideration of the stress state
in [90m/0n]s laminates (Nairn and Hu, 1992b).
Any naly is that expects to explain the differ-
ence between [0n/90m]s and [90m/0n]s laminates
ust be able to account for the differing
damage patterns. For example, the smooth
lines in Figure 3 are fits to the experiments
using a fracture mechanics analysis of micro-
cracking that is discussed below and accounts
for staggered microcracks.
The initial stages of damage in laminates with
908 plies is mostly microcracking in the 908
plies. As the load increases, however, other
forms of damage begin to occur. For example,
the tip of the microcrack at the 0/908 ply inter-
face provides a site for initiation of delam-
ination between the 08 and 908 plies (Nairn
and Hu, 1992a, 1994; Nairn et al., 1990; Nairn,
1992; Berglund and Varna, 1992; Parvizi and
Bailey, 1978; Crossman et al., 1980; Wang,
1980, 1985, 1984; Jamison et al., 1984; Bader
and Boniface, 1985; Groves et al., 1987; Jen and
Sun, 1990; Wang and Crossman, 1980; Cross-
man and Wang, 1982; O’Brien, 1985; Wang
et al., 1985b; Dharani and Tang, 1990; Salpekar
and O’Brien, 1991). Delamination from the tips
of microcracks can occur in almost any lami-
nate but its likelihood increases as the thickness
of the 908 plies increases (Nairn and Hu, 1994;
Parvizi and Bailey, 1978; Crossman et al., 1980;
Wang, 1980, 1984; Crossman and Wang, 1982;
Wang et al., 1985b). If the 908 plies are thick
enough, it is possible for delamination to initi-
ate from the first microcrack. Once delamina-
tions begin to form, they propagate on
continued loading while additional microcrack-
ing slows down or stops (Nairn and Hu, 1992a).
Poisson effects during axial loading of [0n/90m]s
laminates leads to tensile stresses perpendicular
to the fibers in the 08 plies. If the applied strain
gets sufficiently high, this transverse stress can
lead to longitudinal splits in the 08 plies (Bader
et al., 1979; Bailey et al., 1979; Groves et al.,
Figure 3 Microcrack density as a function of applied stress for four AS4/3501-6, [90/0n]s laminates. The
sy bols are experimental results. The lines are fits to the experiments using the fracture mechanics analysis
of microcracking with Gmc=230+ 10 Jm
72 and assuming fixed-displacement boundary conditions.
Matrix Microcracking in Composites6
(b) [90/0m]s.
Figure 4.24: Transvers c ack density as function of macroscopic
stress. The material is AS4/3501-6 with different laminate con-
figurations. Solid lines denote the model predic ions using a
variational approach, Nair [89] and Nairn and Hu [90]. From
[88].
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Depending on the stacking sequence and thickness of the cross-ply laminate, the crack
evolution is different in terms of the applied macroscopic stress. For [0/90m]s laminates,
Fig. 4.24(a), the initiation stress drops when the thickness of the transverse layer is in-
creasing, and the crack density at saturation is less for larger thickness of the 90deg ply
(inversely related to the thickness). However, one should keep in mind that the results
change if the crack density is plotted against applied strain, which will likely collapse the
curves in Fig. 4.24(a) due to the varying stiffness. For [90/0m]s laminates, Fig. 4.24(b), the
onset of transverse cracking is almost identical with slower propagation, indicating that
transverse cracking is somewhat unaffected by the increase in stiffness of the UD layer.
The stacking sequence of the unidirectional NCF influences the tension-tension fatigue
behaviour (see also Sec. 4.3 on page 38). This is likely linked to the onset of transverse
cracking presented in Fig. 4.24. The recommendations with regards to the stacking se-
quence are therefore, both in relation to static and cyclic loading;
• backing layers should not be placed in contact to each other,
• the backing layer should be located symmetrically around the centre orientated
towards the free surface of the specimen,
• the initiation stress for transverse cracking is dependent on the backing bundle
thickness, and the thickness of the backing bundle should be minimized.
In addition, new tension-tension fatigue test geometries and methodologies are needed
in order to avoid unwanted failure occurring outside the gauge region.
Transverse cracking of the backing layer is not controlled by the stiffness of the unidirec-
tional axial layer, see e.g. Hansen [85]. Thus, the stiffness of the axial fibres can be altered,
e.g. by an improved glass type, without a significant impact on the transverse cracking.
The bonding between fibre and matrix should be altered to allow for more energy to be
dissipated during fatigue. This can be done by a tailored sizing that is designed to the
specific fibre-matrix system. Residual stresses (volumetric shrinkage of the matrix) and
fibre debonding are critical concerning the onset of transverse cracking in polyester based
matrices, see also [P4].
Chapter5
Conclusion
The present thesis has explored the effects of fibre architecture on the tension-tension
fatigue life-time of unidirectional glass fibre reinforced composite materials used in the
main laminate of a wind turbine rotor blade. Studies on the fibre architecture and fatigue
life-time are the two consistent central themes throughout the thesis.
A new methodology is developed to characterise the internal microstructure of fibre bun-
dles in a non-crimp fabric composite. This methodology is applied to analysis of compos-
ite laminates, and a numerical tool for generation and simulation of statistically represen-
tative volume elements of composite microstructures is developed. The microstructure
generator is shown to produce statistically equivalent microstructures. Through a para-
metric variation of the fibre radii distribution, it is demonstrated that the spatial statistics
of the fibre packing pattern are unaffected by any variations in the fibre radii distribution.
The microstructure generator is used to determine the minimum size of a statistically rep-
resentative volume element based on the spatial point pattern statistics of the fibres. As
a practical example, the characterisation methodology developed, is utilised to examine
the hierarchical microstructure of a non-crimp fabric in terms of variations in the fibre
volume fraction at different material length scales. It is illustrated that the fibre volume
fraction is dependent on the length scale considered, and the fibre volume fractions at
the different length scales are interconnected. The non-destructive technique of micro
computed tomography, is utilised in a preliminary study to evaluate the three dimen-
sional fibre misalignment in the unidirectional fibre composite. Both fibre misalignment
and waviness are present, and these imperfections have an unfavourable effect on the
mechanical properties, which must be further explored.
The experimental framework of the thesis consists of different configurations where the
fibre architecture and fatigue life-time are linked together. The major finding is that fa-
tigue damage initialisation and propagation of non-crimp fabrics are identified and ex-
plained. Damage initiates as cracks in the transverse backing bundles, which cause a
stress singularity in the axial load-carrying fibres leading to cyclic damage propagation,
eventually causing failure. The onset of fatigue damage, in terms of transverse cracking,
is clarified by a stress analysis using a linear elastic finite element simulation. The in-
fluence of fibre content, stacking sequence, and test specimen geometry on the fatigue
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life-time, is examined in experimental studies. It is shown that increasing the fibre con-
tent reduces the life-time, which is coupled to the internal microstructure of the material.
Recommendations regarding the stacking sequence of the individual plies are provided
in order to obtain improved life-time. Thermovision is used as a measuring technique
to quantify the scatter and difference in fatigue life-time for various test geometries. The
often observed life-time scatter in composites fatigue testing, is explained in terms of
different heat developments during the fatigue experiment. It is also high-lighted that
improvements in the test geometry are needed.
Throughout the thesis, insight is provided regarding the microstructure, fibre architec-
ture, and tension fatigue characteristics of non-crimp composite materials. The knowl-
edge acquired, is collected in a survey covering the design process of a non-crimp fabric
composite preform suitable for wind turbine rotor blade application.
The findings of the present work serve as a step on the way for development of more fa-
tigue resistant composite materials for future wind turbine rotor blades. Advanced quan-
tification tools and methodologies are provided as well as a comprehensive presentation
of tension fatigue experiments. The perspective of the study is to implement an improved
fabric architecture in future non-crimp preforms.
5.1 Outlook
The study leaves out a number of unsettled points for future work, and this section lists
some ideas for coming research efforts related to the present.
Fatigue of composites
The study has investigated and clarified tension-tension fatigue damage evolution of uni-
directional glass fibre reinforced composites manufactured of non-crimp fabrics. A nat-
ural extension to the present work, is to consider the fatigue life-time with respect to:
the assessment of load ratios (R-ratio, stress level), load conditions (test frequency, load
waveform, varying amplitude/block loading, block sequence dependency), load type
(tension-compression, compression-compression, multiaxial), high-cycle characteristics,
different layups and fabrics, and climatic test conditions . Even though much scientific
effort has already been put in these fields, an unified overview and explanation remain
for the actual cause of fatigue damage of composites.
Unit cell modelling
The numerical microstructure generator developed and the three dimensional microstruc-
tural characterisation serve as obvious candidates for assistance in numerical finite ele-
ment modelling of statistically representative volume elements. Using the unit cell ap-
proach, fatigue damage propagation can be modelled by cyclic cohesive laws for the
fibre/matrix interface, stochastic strength properties for the constituents, and damage
and non-linear material behaviour. On top of this, one can add the suggestions provided
above with respect to fatigue, which complicate the problem even further. Numerical
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modelling of fatigue of composites is a cumbersome and challenging task, which requires
tremendous computational efforts, and a proper modelling strategy still remains. This
raises the interesting question whether it is better to perform experiments that are diffi-
cult to make but easy to model and interpret, rather than experiments that are easy to
make and difficult to model.
Materials and design
A long way is still to come before the knowledge gained can be adopted in common
wind turbine blade design. Based on the ideas for a new modified non-crimp fabric ar-
chitecture, the fabric must be designed completely, manufactured, tested, evaluated, and
certified. Then, implemented in the current blade technology, and tested in full scale.
Along the way, there are many obstacles; for instance, the manufacturing and processing
defects, material imperfections, and inhomogeneities, which must be described and un-
derstood.
At current, new material systems like composite hybrids are entering the blade industry,
and it is of interest to explore the potential of these new systems. For instance, carbon
fibres are prone to microbucking in compression, and the fibre misalignment is therefore
important.
Guidelines for blade materials today prescribe design in the linear range of the materi-
als, and there is an unexplored potential of the load capacity outside the linear region
(or even to consider non-linear elasticity). Furthermore, the stochastic nature of compos-
ite properties is handled with the outmoded method of partial safety factors. With the
computational capacity present, it is likely that probabilistic methods form the basis for
future wind turbine rotor blade designs.
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Methodology for characterisation of glass fibre
composite architecture
J. Zangenberg*1,2, J. B. Larsen2, R. C. Østergaard2 and P. Brøndsted1
The present study outlines a methodology for microstructural characterisation of fibre reinforced
composites containing circular fibres. Digital micrographs of polished cross-sections are used as
input to a numerical image processing tool that determines spatial mapping and radii detection of
the fibres. The information is used for different analyses to investigate and characterise the fibre
architecture. As an example, the methodology is applied to glass fibre reinforced composites with
varying fibre contents. The different fibre volume fractions (FVFs) affect the number of contact
points per fibre, the communal fibre distance and the local FVF. The fibre diameter distribution
and packing pattern remain somewhat similar for the considered materials. The methodology is a
step towards a better understanding of the composite microstructure and can be used to evaluate
the interconnection between fibre architecture and composite properties.
Keywords: Glass fibres, Scanning electron microscopy, Composite microstructure, Microstructural characterisation
This paper is part of a special issue on Deformation and fracture of polymers and their composites
Introduction
The fibre volume fraction (FVF) is considered as the
most crucial microstructural parameter for describing
fibre reinforced composites. The parameter forms the
basis for the well known rule of mixtures for determin-
ing the in-plane stiffness of a composite material, see e.g.
Jones.1 Commonly, the FVF is determined on the basis
of the weight fractions and the densities of the individual
constituents and yields an average laminate parameter
for the entire composite. However, on a local scale, the
FVF attains larger values, e.g. inside individual bundles
where the fibre concentration is enlarged.
It is evident that there exists other microstructural
parameters that characterise a fibre reinforced compo-
site, e.g. packing pattern, neighbouring distance, cluster-
ing, etc. Information about these parameters can be
extracted from measurements on cross-sections of the
given composite. Digital image analysis and processing
are tools to be used to identify the material micro-
structure. Attempts have been made in order to
characterise the full three-dimensional (3D) structure
of (glass) fibre composites (FVF, fibre misalignment,
waviness, fibre curvature, etc.) using a sectioning
approach based on microscope images. This analysis
requires great accuracy in the sectioning process and in
identifying the individual fibres. The method is time
consuming but serves well in order to describe the local
appearance of the microstructure. This 3D characterisa-
tion has been carried out by several researchers, see for
instance, Paluch2 or Clarke et al. 3 These studies also
include the determination of the fibre misalignment
angle inspired by the ideas of Yurgartis,4 where the
misalignment angle is determined by measurements of
the elliptical fibre shape that appears on an inclined
cross-section compared to the principal fibre direction.
Using numerical routines, Creighton et al.5 and
Kratmann et al.6 determined the misalignment angle
for much lower resolution images and thus saving the
processing time. The difference between two-dimen-
sional (2D) and 3D characterisation is outlined in the, to
some extent, personal account of Exner.7
Based on digital micrographs of a planar and polished
cross-section of a unidirectional fibre composite, this
study presents a methodology which detects the spatial
distribution and radii of the fibres. This mapping of the
fibres is used to define a number of parameters that are
considered relevant for the microstructural characterisa-
tion of fibre reinforced composites. The method is
capable of analysing local regions as well as entire
bundles or cross-sections. For illustrating the applic-
ability, the methodology is applied to different glass
fibre reinforced composites with varying fibre contents.
The ideas presented are inspired by the review work of
Guild and Summerscales,8 who discuss a number of
different approaches for image analysis of fibre compo-
sites, Pyrz,9 who quantitatively investigated the compo-
site microstructure by statistical tools, and Paluch,2 who
made 3D characterisation based on 2D image techni-
ques. This stereological approach for investigating the
3D microstructure based on 2D images has been used
extensively, but it seems that the methods and ideas have
not been brought to any practical experience. For
instance, when the composite microstructure is investi-
gated numerically using representative volume elements,
general assumptions are made on the fibre distri-
bution and packing pattern, communal fibre distance,
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boundary conditions, etc. Wongsto and Li10 investigated
the effect of boundary condition on the representative
volume element and made numerical simulation of a
random distributed fibre arrangement. The fibre ran-
domness was further investigated by Melro et al.,11 who
developed a statistically characterised algorithm to
generate random composite cross-sections. The predic-
tions from the algorithm in terms of effective composite
properties agreed well with the experimental data. The
idea of random fibre distribution was also used by
Mishnaevsky and Brøndsted,12 who, in a numerical
study, considered fatigue damage of unidirectional fibre
reinforced composites. Ongoing work will extend the
knowledge of the interplay between fatigue damage and
fibre architecture since details in the fibre architecture
has proven to be detrimental for fatigue performance.
Method
Shape detection algorithms are well known within the
field of digital image analysis, and there exists numerous
algorithms depending on the purpose. A common
procedure is the Hough transformation by Hough,13
who came up with the idea of shape detection of lines
based on parameter space. The work was further
developed by Duda and Hart,14 where the shape
detection was extended to include circular objects. This
method is commonly referred to as the circular Hough
transformation, and a more profound presentation can
be found in the work of Shapiro and Stockman.15 The
magnitude of the parameter space for shape detection
depends on the shapes considered. For instance, line
detection uses a two-parameter space (slope and
intersection), circle detection 3 [centre (x,y) and radius]
and ellipses 5 [minor/major axis, centre (x,y) and
orientation]. Increasing the parameter space heavily
increases the computational requirements. The current
method is based on the circular Hough transformation
for detection of circular shapes.
The analysis is split up into three different steps:
preprocessing, processing and post-processing, as pre-
sented in Fig. 1 and the following subsections.
Preprocessing
The preparation of the test samples is crucial in order to
obtain the best possible image quality. Standard
microscope specimens are used, where a representative
material sample of the composite laminate is cut and
cast in an epoxy resin to form a cylinder with a diameter
of 30 mm. Thereupon, the specimens are polished in a
grinder with abrasive paper varying from no. 250 to
4000 in grain size. The polishing time is adjusted
according to the grain size. It is evident that the sample
surface appears as plane and smooth as possible.
Processing
To obtain the best image quality, it is recommended to
use a scanning electron microscope (SEM), an environ-
mental SEM or a low vacuum SEM for image
acquisition. If an SEM is used, the specimens need to
be coated due to their non-conducting surface. It is
possible to use an optical microscope, but this requires
even more sensitivity in the preprocessing step due to the
lower resolution, lower depth of field and poorer lighting
conditions in an optical microscope compared to an
electron microscope. In the present work, a low vacuum
SEM is used.
The magnification of the microscope should be
adjusted so the misinterpretation in the radii detection
is reduced (see further discussion in the section on
‘Implementation’). To minimise computational require-
ments, the shape detection is based on 8 bit greyscale
images. Upon acquisition of the micrographs, the shape
detection is divided into two independent steps: a Canny
edge detection of the image16 and a circle detection
based on these edges using the circular Hough transfor-
mation. The Canny edge detection locates edges by
searching for a local maxima of the colour gradient
within the considered image. An example is illustrated in
Fig. 2, where the grey level intensity is illustrated along a
given path in the image. It is evident that the edges of the
fibres are detectable due to the obvious colour gradient.
Once the edges of the fibres are detected, the circular
Hough transformation is applied by a voting procedure
to identify the best matching circles. The input
parameters for the transformation can be adjusted
depending on the image quality (threshold level, search
1 Flowchart for detection of composite microstructure
a SEM image of glass fibres (light part) and matrix (darker part) in UD reinforced composite: arrow indicates direction for
grey level intensity in b1; b grey level intensity along path shown in a: white level is 255, black is 0. Note that interfacial
region gives rise to larger grey value than fibre
2 Identiﬁcation of ﬁbre edges in unidirectional (UD) ﬁbre reinforced composite based on SEM image
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range and magnitude of search filter). The results of the
detection are the in-plane fibre location (x, y coordi-
nates) and the fibre radius r.
Owing to the numerical processing power, there is a
limit for the image size that can be analysed by the
circular Hough transformation. Therefore, for larger
image sizes (approximately larger than 100061000 pix-
els), the entire image is split up into a number of user
defined segments that are analysed separately, and the
results are stored for each segment. An average value for
the entire image is evaluated once all the segments have
been analysed. The segmentation procedure can also be
used to characterise the microstructure across a fibre
bundle, the effects of clustering due to stitching tension,
etc.
Post-processing
Circle sets on a plane are defined if the positions and
radii of the circles are known. Characterising these circle
sets requires knowledge about the number of circles,
circle diameter distribution, communal distance between
the circles, clustering, packing pattern and circles in
contact. When these parameters are known, it is possible
to make a full characterisation of the circle set. The
following analyses are considered based on the fibre
centre and radii obtained from the circular Hough
transformation:
(i) global FVF
(ii) void content
(iii) fibre diameter distribution
(iv) number of contact points per fibre
(v) nearest neighbour distance
(vi) fibre clustering parameter
(vii) number of neighbours and local FVF.
Each of the above analyses is outlined in the following.
(i) The FVF is considered a fundamental parameter,
which is used in characterising and calculating the
mechanical properties of fibre reinforced composites. In
the present work, the FVF is determined using three
distinct procedures:
1. knowing the individual fibre radii and the total
image size, it is possible to determine the FVF
of the detected fibres. It is assumed that the
position and diameter of the fibres do not vary
in the normal direction of the fibres. Hence, the
FVF is determined as
FVF~
XN
i~1
Vi,fibre
Vtotal
~
XN
i~1
Ai,fibre
Aimage
~
p
XN
i~1
r2i
Aimage
(1)
where V is the volume, A is the area, N is the
number of fibres and ri is the individual fibre
radius. This procedure for determining the FVF
is referred to as FVF1
2. a simple procedure to evaluate the FVF is by
threshold analysis. The image is transformed
into a black/white image, whereas the resin
appears as black pixels and the fibres as white
pixels. The FVF is found as the ratio between
the white pixels and the total number of pixels.
This procedure is referred to as FVF2
3. it is likely that the circular Hough transforma-
tion does not detect every fibre in the cross-
section, especially near the image boundary
where the fibres are cut off. This procedure
simply removes the detected fibres (used in
procedure 1) and performs a threshold analysis
(as in procedure 2) on the remaining undetected
fibres. This procedure is referred to as FVF3.
It is given that the sum of the FVFs from procedures 1
and 3 should match procedure 2.
(ii) Voids may be present in the materials, and these
voids are known to influence the mechanical properties.
Since voids appear as black regions in the micrographs,
these are identified if a pixel value is lower than a user
defined threshold. The total void content is found as the
sum of these pixels in relation to the total number of
pixels.
(iii) It is often assumed in numerical analyses of fibre
reinforced composites that the fibre diameter distribu-
tion is uniform, which is often not the case in practice.
The fibre diameter is measured by the circular Hough
transformation and assumed normal distributed, mean-
ing that it is characterised by the mean value and the
standard deviation.
(iv) Contact between surfaces leads to stress concentra-
tions; therefore, contact between fibres is considered as a
potential zone for crack initiation, see e.g. Wongsto and
Li.10 A contact condition between two circles (fibres) is
defined if the centre to centre distance between two
adjacent circles i and j dij is less than the sum of their
individual radii rizrj. However, due to fibre surface
roughness, interface and inaccuracy in the circle detec-
tion, the contact condition is given as dij((rizrj)a,
where the factor a51?01 follows from the work of
Mishnaevsky and Brøndsted.12 Denoting the total
number of circle contact conditions as c, the total
number of contact points CPtotal is determined as
CPtotal~
c{N
2
(2)
where the factor of 2 is included to avoid repeated
contact points.
Since the total number of contact points in equa-
tion (2) is dependent on the number of inclusions, the
total number of contact points is normalised with the
number of detected fibres N in order to get the number
of contact points per fibre CP. For two common fibre
packing patterns, the number of contact points per
fibre and FVF is illustrated in Fig. 3 for an infinite fibre
array.
(v) Separation distance between the fibres may minimise
the stress concentration, and this analysis determines
the distance to the nearest neighbour. The neighbour-
ing distance between fibres i and j is defined as
NDij5dij2ri2rj, and the shortest distance is found by
the solution to the classical travelling salesman problem
(TSP) using a TSP algorithm. Further information on
the TSP can be found from Lawler et al.17 The result of
the analysis is the ‘shortest route’ through all fibres and
thereby the nearest neighbouring distances (NNDs). For
quantification, the NND is assumed to follow a log normal
behaviour with mean m and standard deviation s, meaning
that the limits are expressed as exp[log (m)¡log (s)].
(vi) Clustering of fibres leads to regions that influence
the mechanical behaviour. In order to estimate the fibre
clustering, the simple relation from Clark and Evans18 is
used as a measure for fibre clustering. Originally, the
theory was used in terms of spatial relations in
populations, but it is directly applied in the current
Zangenberg et al. Methodology for characterisation of glass fibre composite architecture
Plastics, Rubber and Composites 2012 VOL 41 NO 4/5 189
study even though there are some limitations. The
clustering parameter R is expressed as
R~ -rA
-rE
, -rA~
P
NND
N
and -rE~
1
2r1=2
(3)
with -rA being the mean of the series of distances to the
nearest neighbour, and -rE is the mean distance to the
nearest neighbour expected in an infinitely large random
distribution with density r. In the current case, the sum
of the NNDs SNND is found as the ‘’shortest route’’
between fibre centre mentioned above. The fibre density
is found as r5N/Aimage.
The convenient thing about the clustering parameter
is its easily accessible interpretation since it is bound by
the limits 0(R(2?15, where the lower limit follows
from an intermediate neighbouring distance equal to 0
(fully clustered), and the upper limit is for a hexagonal
array with equidistant distance to other neighbours. For
R51, the packing pattern is random.
(vii) Often, when modelling the composite microstruc-
ture, an idealised fibre packing pattern is assumed to be
in the arrays shown in Fig. 3. These packing patterns are
seldomly found in practice, and the following analysis
estimates the packing pattern in terms of the number
of neighbours and a local FVF. More sophisticated
methods may be used to characterise the packing
pattern, e.g. the second order intensity function as
proposed by Pyrz9 and Ghosh et al.19
The number of neighbours is found from a Delaunay
triangulation of the fibre centre points, and the local
FVF is determined as the fibre area in relation to the
area of Voronoi cell associated to each fibre. In brief, a
Voronoi tessellation is a decomposition of a scatter (in
this case points on the plane) into a cell structure each
containing exactly 1 point. The property of the cell is
that any point inside the cell is closer to that point than
to any other site. A Delaunay triangulation, on the other
hand, is sort of the dual problem to the Voronoi
tessellation such that no point sets are inside the
circumcircle of any triangle. The two principles are
illustrated for a generated fibre arrangement in Fig. 4.
For a more profound presentation, see Okabe.20
In the present analysis, the Voronoi cells are used to
determine a local FVF (referred to FVF4) for each fibre
since the area of the cell AVoronoi can be considered as an
‘area parameter’ associated to each fibre with area Afibre.
Thereby, the local FVF is determined as Afibre/Avoronoi.
The area of the Voronoi cells along the image boundary
cannot be evaluated explicitly, which is why the
boundary fibres are disregarded. The local FVF is
assumed to follow a normal distribution described by
the mean value and the standard deviation. The centre
points of the detected fibres are used as input for the
triangulation in order to find the number of neighbours,
here presented as the mean value and standard deviation
respectively. Similar analyses have been used previously,
e.g. in the work of Paluch.2
Implementation
The programming language MATLAB is used for
the implementation of the methodology. The circular
Hough transformation and the TSP algorithm can be
found at the MathWorks File Exchange.21
The algorithm and implementation have been tested
on two selected fibres on several images with different
microscope magnifications in order to estimate the
accuracy of circle detection. The fibres are shown in
Fig. 5a, where fibre A is completely isolated, and fibre B
is surrounded by several others. The result from the
analysis is shown in Fig. 5b, where the detected fibre
diameter is plotted as a function of microscope
magnification.
For low magnification images below 5 pixels/mm,
there is a scatter in the measured fibre diameters.
However, in order to get sufficient accuracy and amount
of fibres per image, a value of 1?64 pixels/mm is used in
the following well aware that this gives rise to a non-
negligible deviation in the determination of the FVF in
procedure FVF1 mentioned above.
Depending on the image shape, image size and
number of fibres, the number of contact points is
affected. Therefore, a test is carried out to investigate the
image shape/size sensitivity. The test is carried out for a
square fibre packing arrangement with no intermediate
a square array; b hexagonal array
3 Typical ﬁbre packing patterns in unidirectional composite along with FVF and number of contact points per ﬁbre (CP)
4 Sketch of Voronoi tessellation and Delaunay triangula-
tion for random point set in plane
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distance between the fibres. For a varying image shape/
size, it turns out that for a ‘low’ number of fibres (say,
,50 fibres in a narrow shaped image), the number of
contact points is affected.
Application
Two-layered glass/polyester composites with varying
fibre contents were manufactured using the vacuum
assisted resin transfer moulding process, and the speci-
mens are analysed by the methodology outlined in the
section on ‘Method’. All the images are acquired within
a bundle without any resin rich zones near the edges. A
typical result of the circle detection is presented in
Fig. 6.
A close examination of the detected circles shown in
Fig. 6 reveals that the algorithm detects a number of
non-existing fibres; nonetheless, these fibres are removed
in the post-processing step by evaluation of the grey
level intensity at the centre of the (mis)detected fibre.
The post-processing analyses are carried out as men-
tioned in the previous section, and the results are
presented in Table 1 and Figs. 7 and 8. m and s denote
the mean value and standard deviation respectively, and
all data are assumed to be normal/log normal distrib-
uted and independent. Table 1 presents the number of
detected fibres and the fibre diameter distribution.
Figure 7 presents the obtained FVFs for the different
analyses, and the results are normalised with the value
from FVF3 (threshold analysis) in sample 1.
Figure 8 shows the number of contact points per fibre
CP, the nearest neighbour distance NN, the clustering
parameter ClP and the number of neighbours NoN as a
function of the obtained FVF. Again, the FVF is
normalised with the value from FVF3 (threshold
analysis) in sample 1.
The variation in fibre diameters is small, and the
measurements are almost constant in the range around
df^17 mm, which is also the prescribed diameter by the
manufacturer.
As mentioned in the previous section, the sum of the
FVFs determined from procedures FVF1 and FVF2
should be equal to the FVF determined by procedure
FVF3. This is illustrated in Fig. 7, where the deviation
between the methods is within ¡1?2%, which is
regarded as a sufficient accuracy in the shape detection.
It is worth noticing that the local FVF, i.e. FVF4, is
consistently larger than the FVFs determined from the
other analyses. No voids are found in the samples
investigated.
For a heavier fibre compaction, it is found that the
number of contact points per fibre CP increases and the
nearest neighbour distance NN decreases (see Fig. 8).
The packing pattern remains the same independent of
the FVF, which is reflected in the number of neighbours
NoN and the clustering parameter ClP approaching the
upper limit of 2?15. This means that the packing pattern
converges against a pseudohexagonal array.
Discussion
From the number of fibres detected (see e.g. Table 1)
and the image sizes used, the image size sensitivity in
relation to the number of contact points per fibre is
limited for the samples considered. The number of
contact points per fibre increases for increasing FVF,
which is in accordance to what is reported by
Mishnaevsky and Brøndsted12 in a numerical study.
Even though the actual fibre packing in Fig. 6 does
not appear to be systematic, the fibres tend to arrange in
what is referred to as a pseudohexagonal packing
pattern. Using the Delaunay triangulation, Paluch2
a fibres considered in accuracy analysis; b detected fibre diameter as function of microscope magnification
5 Accuracy analysis for detection of ﬁbre radius
a basis for image analysis: SEM image of polished cross-section; b spatial mapping of fibres with detected radii using
circular Hough transformation
6 Typical images for analysing microstructure of unidirectional glass ﬁbre reinforced composite: presented images are
segments of analysed images
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made a similar conclusion in relation to the packing
pattern.
Pyrz9 carried out a quantitative study on the
microstructure of composites based on statistical ana-
lyses. In specific, a probability investigation was made
between the NND for different FVFs. The trend is
obviously that the larger FVF is, the smaller the mean
NND and standard deviation is observed. The same
findings are concluded in the present study.
The clustering parameter described in the work of
Clark and Evans18 is determined based on the fibre
centre without information regarding the fibre radius.
Therefore, the basis of using this analysis is misleading
since the underlying statistical theory is based on point
sets rather than circles. It has not been possible at this
stage of the study to find a suitable description for
clustering of circles where the individual radii are
included.
It is apparent that it would be more accurate to
determine the Voronoi diagrams in terms of circle sets
on a plane rather than points due to the circular cross-
section of the fibres, see e.g. presentation by Kim et al.22
However, based on the work of Paluch2 and to ease the
implementation, the presented method is considered to
be sufficient.
The local FVF (FVF4) predicts a larger value
compared to the global FVF, which is in contradiction
to what could be expected from the idealised fibre
arrangements in Fig. 3 that produce similar results for
local and global FVFs. Still, the magnitudes of the
deviation are in similar range to what is found from
Ghosh et al.19 based on simulations of uniform fibre
distributions with FVF in the range up to 32?4%.
The optimum solution to the TSP has been investi-
gated by several researchers, and there exist numerous
7 Results of image analyses: FVF based on different pro-
cedures: FVF1, radii of ﬁbres; FVF2, boundary analysis;
FVF3, threshold analysis; FVF4, local (Voronoi)
a contact points per fibre CP; b nearest neighbour distance NN; c clustering parameter ClP; d number of neighbours
NoN
8 Results of image analyses for different FVFs
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different solution techniques for the problem. However,
the problem of finding the optimum solution is far from
trivial. In the case of N fibres, the number of different
routes is given as (N21)!/2, which indicates the
increasing problem complexity for large N. Therefore,
approximated methods are often used where the route
might not be the optimum one but somewhat close to.
Such an algorithm is used in the present, and as a result,
the shortest route might not be the optimum.
Conclusions
A new methodology is presented dealing with shape
detection and microstructural analysis of composite
materials containing circular fibres. Based on digital
micrographs and numerical image processing, the fibre
architecture/microstructure is evaluated for a number of
different parameters. For demonstration, the methodol-
ogy is shown useful to identify and compare micro-
structural parameters for different glass fibre reinforced
composites with varying fibre contents. The following
microstructural parameters are affected by changes in
the FVF: the number of contact points per fibre, nearest
neighbour distance and the local FVF (the fibre area in
relation to the area of the associated Voronoi cell). For
increasing FVF, the number of contact point per fibre
increases, whereas the nearest neighbour distance
decreases. The local FVF is somewhat larger than the
global FVF. Voids are not found in the samples.
Independent of the FVF, the fibres are arranged in a
pseudohexagonal array with approximately six neigh-
bours per fibre.
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A quantitative study is carried out regarding the statistical properties of the ﬁbre architecture found in
composite laminates and that generated numerically using Statistical Representative Volume Elements
(SRVE’s). The aim is to determine the reliability and consistency of SRVE’s for representation of the com-
posite microstructure as well as investigate the effect of a varying ﬁbre radii distribution on the ﬁbre
architecture. Based on digital image analysis, the ﬁbre architecture of unidirectional glass ﬁbre compos-
ites with varying ﬁbre content is recognised. The ﬁbre architecture found is compared to a numerical
microstructure generator using Monte Carlo simulations. It is shown that the numerical microstructure
generator produces ﬁbre arrangements that are statistically similar to the observed, which indicates a
reliable and consistent SRVE. The microstructural effects of a parametric variation of the parameters
for ﬁbre radii distribution are simulated, and the inﬂuence on the ﬁbre architecture is investigated.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
A Statistical Representative Volume Element (SRVE) is charac-
terised as the smallest volume element in which the composite
microstructure can be statistically described (or somewhat close
to), Swaminathan and Ghosh [1]. Numerical simulation of the ﬁbre
architecture in composite materials has been studied extensively
to generate SRVE’s. Wongsto and Li [2] investigated (S)RVE proper-
ties based on a predeﬁned ﬁbre structure with equal radius
followed by an arbitrary stirring to ensure a more random packing.
Melro et al. [3] compared the work of Wongsto and Li to a hard-
core generator with a sophisticated stirring criteria, and found
similar behaviour based on statistical descriptors e.g. the Ripley’s
K-function. Based on experimental measurements of the ﬁbre
geometry, Thomas et al. [4] used a hard-core process to generate
microstructures that were able to catch the anisotropic nature of
the materials considered. Trias et al. [5,6] studied different aspects
of a SRVE using the hard-core generator and an even radius distri-
bution. Vaughan and McCartny [7] made a nearest neighbour algo-
rithm that assigns the ﬁbres according to the ﬁrst and second
nearest neighbour distribution found from an image analysis on
composite laminates. The ﬁbre radii distribution was modelled as
log-normal, and they were able to generate microstructures that
matched the laminates quite accurately. Common for these studies
are that the generated microstructures are not compared in depth
to observations made on genuine composites.
Through analysis of SRVE’s and virtual testing, numerical inves-
tigations are often coupled to the mechanical performance of com-
posites. In order to improve the performance one must understand
and be able to describe the inﬂuential factors that govern the
mechanical behaviour. Optimising the mechanical performance
of ﬁbre reinforced composites is generally a two fold process:
either to improve the properties of the materials used and/or to
change the composition of the microstructure. The motivation for
the present study is to focus on the latter of these in order to
understand the inﬂuence of ﬁbre radii distribution on the spatial
statistics of the ﬁbre packing pattern. For a SRVE to be trustworthy
and reliable, it is an essential requirement that it actually replicates
the real composite microstructure, which is also a central focus
in the present study. The study provides a profound investigation
on the ﬁbre architecture in composite laminates and numerical
simulations, and the roadmap consists of four steps (see Fig. 1):
(a) using digital image analysis, several composite laminates with
different ﬁbre content are analysed to describe the ﬁbre architec-
ture. (b) A numerical microstructure generator is developed that
produces SRVE’s of a ﬁbre reinforced composite containing circular
ﬁbres with uneven radii distribution. (c) Based on Monte Carlo
simulations, the generated ﬁbre architectures are compared to
the observations made on the genuine composite laminates. (d) A
parametric study is conducted for a varying ﬁbre radii distribution
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to investigate the inﬂuence on the ﬁbre architecture. Each step
shown in Fig. 1 is explained in further detail in Section 2. The scope
of the work is to demonstrate the statistical representativeness of
the ﬁbre packing pattern for a SRVE, and to investigate the ﬁbre
architecture for different variations in the ﬁbre radii distribution.
The work is the ﬁrst step on the way for a better understanding
of the interconnection between composite microstructure and
mechanical performance.
1.1. Background
The following section presents the statistical tools and parame-
ters that are used in order to characterise and compare the differ-
ent composite microstructures.
1.1.1. Statistical descriptors for point pattern analysis
Statistical point pattern analysis is extensively used in order to
describe the ﬁbre architecture of composite materials, and the sec-
ond order intensity function (or the Ripley K-function, Ripley [8])
has proven to be a powerful descriptor, Pyrz [9] and Ghosh et al.
[10]. Unlike ﬁrst order measures (such as the nearest neighbour
distance) that often analyse short range distances, the K-function
provides information regarding the point pattern at several dis-
tances. This means that the K-function can distinguish differences
such as clustering or regularity in a point pattern (e.g. unidirec-
tional ﬁbres in a transverse cross section). The K-function is char-
acterised as the number of expected further inclusions (ﬁbres)
found within a circle with radius h from any point considered di-
vided by the inclusion density, k. Mathematically this is deﬁned
as, Dixon [11]:
KðhÞ ¼ 1
k
X
i
X
j
Iðdij < hÞ
N
1
wij
; ð1Þ
where N is the number of inclusions, k = N/A is the inclusion density
in the study region with area A, I(dij < h) is the indicator function (dij
is the distance between points i and j), and wij is a weighting func-
tion that provides the edge correction. The indicator function at-
tains the value of 1 if the argument is true, and 0 otherwise. The
weighting function is included to avoid any bias near the boundary
of the study region, and different estimators are described in the
literature. The basic methods are illustrated in Fig. 2, Lopes [12]
and Yamada and Rogerson [13].
Yamada and Rogerson [13] tested the different edge corrections
shown in Fig. 2, and found that the circumference edge estimator
performed well compared to the other methods. Therefore, this
Fig. 1. Roadmap for comparing the ﬁbre architecture between genuine composite laminates and a numerical microstructure generator: (a) digital image analysis: mapping of
ﬁbres; (b) numerical microstructure generator; (c) comparison of microstructure; and (d) parametric variation of ﬁbre radii distribution.
(a) (b)
(d)
(c)
Fig. 2. Different edge correction methods: (a) circumference edge estimator; (b)
inner guard region; (c) outer guard region; and (d) toroidal.
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method is used in the following. This commonly used estimator
has a value of 1 when the circle centered at point i with radius
dij is entirely inside the study region. If a part of the circle falls out-
side the study region, then wij is equal to the ratio between the cir-
cumference of the circle that is inside the region and the
circumference of the entire circle, see Fig. 2a. Explicit formulas
for the circumference edge correction are found in Goreaud and
Pelissier [14].
In order to evaluate the point pattern obtained from Eq. (1), the
ﬁbre architecture is tested against the state of Complete Spatial
Randomness (CSR) (or the Poisson process). For CSR the inclusions
are randomly located in the study region, and the K-function is gi-
ven by, Dixon [11]:
bK ðhÞ ¼ ph2: ð2Þ
A common way to test the deviation from the CSR conﬁguration is
achieved by equating Eqs. (1) and (2):
LðhÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KðhÞ
p
r
 h; ð3Þ
which is referred to as the L-function. CSR gives a value of bL ¼ 0, and
a typical approach is to test the deviation from CSR using Eq. (3) for
all values of h.
Fig. 3a shows the L-function for common packing packing pat-
terns (square, hexagonal, random, 2 clusters, 4 clusters). It is seen
that periodic patterns (hexagonal or square) give rise to a charac-
teristic saw-tooth shape for L(h) when h is equal to the character-
istic distances in the pattern, e.g. h ¼ 75;
ﬃﬃﬃ
2
p
 75;2  75; ﬃﬃﬃ5p  75,
etc. for the square array. For a given value of h, positive peak values
of L(h) indicate clustering in the point pattern while negative imply
some degree of regularity. To evaluate the differences in the ﬁbre
architecture, Eq. (1) is calculated numerically using MATLAB for
the different ﬁbre arrangements, and Eq. (3) is used to evaluate
the deviation from CSR.
In order to test the statistical signiﬁcance regarding the condi-
tion of CSR, Getis and Franklin [15] have stated that the 95% conﬁ-
dence interval, CI95, of the Poisson process can be approximated as:
CI95 ¼ 1:42
ﬃﬃﬃ
A
p
N  1 ; ð4Þ
with A being the area of the study region, and N is the number of
inclusions. Eq. (4) will be used to test whether the ﬁbre packing pat-
terns can be characterised as random.
The pair distribution function, g(h), is a measure for the proba-
bility g(h) dh of ﬁnding another inclusion within a circular annulus
with thickness dh. The deﬁnition is, Ghosh et al. [10]:
gðhÞ ¼ 1
2ph
dKðhÞ
dh
; ð5Þ
where K(h) follows from Eq. (1). The K-function can discriminate
different point patterns whereas the pair distribution function can
distinguish characteristic distances within the point pattern. This
means that peak values of the function correspond to the most fre-
quent distances between the inclusions. The pair distribution func-
tion for typical point patterns is shown in Fig. 3b. In the case of CSR,
the pair distribution function is equal to unity. In order to evaluate
the deviation from CSR, the pair distribution is therefore presented
as g(h)  1. The derivative of K(h) in Eq. (5) is found using numerical
differentiation and a central difference scheme.
The two functions L(h), Eq. (3), and g(h)  1, Eq. (5), will be used
to compare the spatial point patterns for the laminates and the
simulated microstructures, tested against the condition of CSR
using Eq. (4). It is noted that the presented tools serve as a descrip-
tion of the spatial statistic of the point pattern, and it is expected
that there is a connection to physical and mechanical properties.
1.1.2. Parameters for describing the composite architecture
Characterisation of a glass ﬁbre reinforced composite based on
digital image analysis was presented in a previous study, see Zan-
genberg et al. [16]. Composite laminates with unidirectional ﬁbres
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Fig. 3. Second order statistics for typical packing patterns. It is noted that the hard-core process is analogous to the Poisson pattern; (a) the L-function, Eq. (3) and (b) pair
distribution function, Eq. (5).
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and different ﬁbre content were investigated, and the parameters
that turned out to characterise the microstructure were: (i) num-
ber of neighbours, (ii) nearest neighbour distance, (iii) contact
points per ﬁbre, and (iv) local ﬁbre volume fraction (area fraction
between ﬁbre and the corresponding Voronoi cell). These parame-
ters will be used to measure the agreement between the laminates
and the simulated composite microstructures.
2. Method
The following section introduces the four steps shown in Fig. 1,
namely: (a) ﬁbre architecture of laminates based on digital image
analysis, (b) development of a numerical microstructure generator,
(c) comparison of microstructure based on laminates and micro-
structure generator, and (d) parametric variation of ﬁbre radii
distribution.
2.1. Fibre architecture based on laminates
Twenty-nine different glass ﬁbre reinforced laminates with
varying ﬁbre content were manufactured using the vacuum as-
sisted resin transfer moulding process and a polyester resin. Repre-
sentative material samples were cut from the cured laminates,
encapsulated in epoxy, ground and polished. Micrographs were
captured with a LVSEM, and the resulting ﬁbre architecture was
mapped using the circular Hough transformation. A post-process-
ing step was applied to measure the different microstructural
descriptors mentioned in Section 1.1. For a full presentation of
the methodology, see Zangenberg et al. [16]. The ﬁbre volume frac-
tion (FVF) of the samples is determined by a threshold analysis
where the micrographs are binarized, and the FVF is calculated
as the ratio between white pixels (ﬁbres) and the total number
of pixels. The FVF is determined within a bundle and is not repre-
sentative for the entire composite laminate. The bundle structure is
illustrated in Fig. 4.
2.2. Numerical microstructure generator
A numerical microstructure generator is programmed in MAT-
LAB with the following input: the ﬁbre radii distribution (mean,
standard deviation, and skewness), required FVF, and the size of
the domain. The routine is based on a hard-core allocation fol-
lowed by a stirring process, and is implemented as:
(i) Fibres are allocated using a random number generator, and
the individual ﬁbre radius is assigned according to a discre-
tised skew-normal distribution as discussed in the following
sections. The compatibility is checked for each new ﬁbre.
There are no restrictions on the minimum free distance
between the ﬁbres due to the comparison to genuine com-
posite laminates.
(ii) To gain more free space for ﬁbre allocation, the ﬁbres are
compacted. Starting with a random ﬁbre, the closest neigh-
bours are moved towards the considered one by a random
fraction of the free distance between the considered ﬁbre
and its neighbours. Increments (i) and (ii) are iterated until
the required FVF has been reached.
(iii) The ﬁnal stirring is a combination of (ii) and a stirring based
the shortest path through all ﬁbres found from the solution
to the Travelling Salesman Problem (TSP), see e.g. Lawler
et al. [17]. The TSP-path gives the shortest route through
all the ﬁbres in the domain, and the stirring is performed
by moving the ﬁbres along the direction to the next ﬁbre
in the TSP-path. The procedure is repeated three times to
get a more consistent ﬁbre packing.
To avoid jamming, the allocation process, (i), is changed for
FVF > 60%. To ﬁnd the empty regions in the domain, a Delaunay tri-
angulation is made, see also Okabe [18]. The area of each Delaunay
triangle is determined since there will be an increased probability
for free space the larger the area of the Delaunay triangle. A sub-
domain is generated at the largest areas where the ﬁbres are
sought allocated. For the larger volume fractions the ﬁnal stirring
criteria, (iii), is included in the compaction step within the iteration
process, (ii). Outputs from the algorithm are the ﬁbre locations
(x,y), ﬁbre radius, and the ﬁbre area that falls inside the domain.
2.3. Replication and comparison of ﬁbre architecture
It is evident that the microstructure generator replicates the
statistics of the ﬁbre radii distribution. As a general input to the
algorithm, the ﬁbre distribution is based on the average values
from the 29 analysed images. The size of the SRVE must be large
enough to catch the correct statistics of the point pattern and, at
the same time, be as small as possible e.g. to maximise the compu-
tational efﬁciency in a ﬁnite element program. It has been chosen
to model the domain as a square with side lengths L = 800 lm.
Ongoing studies will identify the minimum size of the SRVE
needed in order to satisfy the spatial statistics in the point pattern.
To get a statistical foundation and reproduce any variations in
the microstructure, a scatter of different microstructures are simu-
lated (Monte Carlo simulation). It is chosen to generate 8 different
FVF’s uniformly distributed in the range 55  70%. For each FVF, 20
different microstructures are generated.
2.4. Parametric variation of ﬁbre radii distribution
A parametric study is conducted in order to investigate any
changes in the ﬁbre architecture due to the ﬁbre radii distribution.
Since the volume element is size independent, the different ﬁbre
radii statistics are normalised and presented in Table 1. Case 1
Fig. 4. Typical micrograph of bundle structure observed in glass ﬁbre reinforced
composites. Window marks the region where the ﬁbre architecture and FVF are
evaluated.
Table 1
Input data for a parametric variation of the ﬁbre radii distribution.
Case 1 2 3 4 5 6 7 8 9
Mean radius 1 0.5 2 1 1 1 1 1 1
Std. deviation 1 1 1 1.5 0.5 1 1 1 0
Skewness 1 1 1 1 1 0 0.5 2 0
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serves as a reference, case 6 is a normal-distribution, and case 9 is
with uniform ﬁbre radius. The size of the SRVE is normalised
accordingly.
The composite microstructure is investigated for 8 different
FVF’s uniformly distributed in the range 55  70% with 20 different
generated microstructures for each FVF.
3. Results
3.1. Fibre architecture based on laminates
A typical result of the ﬁbre detection has been shown in Fig. 1a.
The ﬁbres crossing the image boundary of the micrographs remain
undetected due to the incomplete shape, and are not being used in
the post processing. In the simulations, the ﬁbres that are located
closer than a ﬁbre radius away from the boundary are therefore
disregarded when determining the L- and g-functions to get consis-
tency. Even though an edge correction is used, this affects the re-
sults. The number of mapped ﬁbres varies between 1800 and
8600 (mean 4600) depending on the image size. The image sizes
are rectangular shaped, but approximating the shape to a square
gives side lengths in the range from 780 lm to 1690 lm (mean
1270 lm), which is slightly larger than the size of the simulated
SRVE’s. The image size and number of ﬁbres are used to evaluate
the statistical signiﬁcance regarding the K-function, Eq. (4). A typ-
ical observed variation in the ﬁbre radii is presented in Fig. 5 along
with common probability distributions (normal, log-normal, gam-
ma, exponentially modiﬁed normal, and skew-normal).
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Fig. 5. Two typically observed ﬁbre radii variations in composite laminates, and ﬁt
to common probability distributions. The following average parameters for the ﬁbre
radii-statistics are obtained from the 29 analysed images (mean, standard devia-
tion, skewness): (rmean,rstd,rskew) = (8.59,0.74,0.35) lm. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 6. Second order statistics for different types of ﬁbre radii distribution based on
a numerically generated SRVE. The results are presented as deviation from the
Poisson pattern with bLðhÞ ¼ g^ðhÞ  1 ¼ 0: (a) the L-function, Eq. (3) and (b) pair
distribution function, Eq. (5). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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A positive skewness (right-skewed distribution compared to the
normal distribution) is observed for the variation in the ﬁbre radii.
Depending on the magnitude of the skewness, the outcome of
which distribution provides the best ﬁt, is different. For increasing
values of the skewness, cf. Fig. 5a and b, the trend is that the skew-
normal distribution gives a better ﬁt compared to the remaining
distributions. The exponentially modiﬁed normal distribution de-
tects the peak around the mean, but provides a poor ﬁt for radii lar-
ger than the mean. The impact of radii distribution on the ﬁbre
packing is investigated in Section 3.2.
3.2. Fibre architecture based on numerical simulation
The inﬂuence of ﬁbre radii distribution on the ﬁbre packing pat-
tern is investigated by a numerical study using the numerical
microstructure generator. Different types of the ﬁbre radii distribu-
tion (constant, normal, log-normal, skew-normal, gamma, and
exponentially modiﬁed normal) are used, and the difference in ﬁ-
bre architecture is addressed. 20 different SRVE’s are generated
for each type of the ﬁbre radii distribution. The SRVE size is
L  L = 800  800 lm, and the requested FVF is 60%. The ﬁbre radii
statistics follow from the average parameters in Fig. 5, and the sec-
ond order statistics are presented in Fig. 6 for the various radii dis-
tributions considered.
It is observed from Fig. 6 that there is a small difference be-
tween the various ﬁbre radii distributions and the second order
statistics since the different analyses fall on top of each other.
The number of neighbours, the nearest neighbour distance, the
number of contact points per ﬁbre, and the local FVF is shown in
Fig. 7 for the different ﬁbre radii distributions. To ease the result
presentation, the respective properties in Fig. 7 are normalised
with the value obtained from the analysis with constant ﬁbre
radius.
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Fig. 8. Example of a discretised radii distribution used as input for the microstruc-
ture generator. The skew-normal distribution is plotted for the radii parameters
shown in the caption of Fig. 5 for a FVF = 65%.
Fig. 9. Comparison of the ﬁbre architecture for different FVF’s based on image
analysis of composite laminates (Lam) and numerical simulations (Sim). The results
are presented as deviation from the Poisson pattern with bLðhÞ ¼ g^ðhÞ  1 ¼ 0: (a)
the L-function, Eq. (3) and (b) pair distribution function, Eq. (5). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 10. Comparison of composite laminates and numerical microstructure gener-
ator for the number of neighbours as a function of FVF: (a) mean and (b) standard
deviation.
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The number of neighbours and the local FVF, Fig. 7, are unaf-
fected by the different ﬁbre radii distributions, but there is a vari-
ation for the nearest neighbour distance and the number of contact
points per ﬁbre. This is also to be expected since smaller and larger
ﬁbres are included for these distributions, which imply a different
and closer packing. Even though there is limited variation in the
ﬁbre packing pattern depending on the different probability distri-
butions, the skew-normal distribution is chosen to model the ﬁbre
radii statistics. The reason for doing so is discussed in further detail
in Section 4.1.
A typical example of a simulated microstructure has been pre-
sented in Fig. 1b. For all simulations, the number of ﬁbres in each
SRVE varies from approximately 1500–2000 for the FVF’s in the
range from 55% to 70%. An input example of a discretised ﬁbre radii
distribution for the numerical microstructure generator is shown
in Fig. 8. It is seen that the simulated radii distribution in Fig. 8 pro-
vides a reasonable ﬁt to the skew-normal distribution.
3.3. Comparison of ﬁbre architecture from laminates and numerical
simulation
Three selected laminates with different FVF’s are used to com-
pare the packing pattern with the simulated microstructures. As
a representation for the observed microstructures, the conﬁgura-
tions with the lowest and largest FVF in the laminates are chosen
along with a FVF that falls in-between. In order to get consistency,
the ﬁbre radii distribution obtained from the respective laminates
is used as input to the numerical microstructure generator. A total
number of 30 analyses are run for each FVF, and Fig. 9a shows the
L-function, Eq. (3), and Fig. 9b the pair distribution function, Eq. (5),
in terms of a scatter curves presenting the respective ranges.
Comparison of the ﬁbre packing pattern in the laminates and
the simulations, Fig. 9, reveals that there seems to be similar trends
Fig. 11. Comparison of composite laminates and numerical microstructure gener-
ator for the nearest neighbour distance as a function of FVF: (a) mean and (b)
standard deviation.
Fig. 12. Comparison of composite laminates and numerical microstructure gener-
ator for the number of contact points per ﬁbre as a function of FVF.
Fig. 13. Comparison of composite laminates and numerical microstructure gener-
ator for the local FVF as a function of global FVF: (a) mean and (b) standard
deviation.
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regarding the clustering distances. The conﬁdence intervals from
Eq. (4) are evaluated based on the simulations. For a square domain
with side length L = 800 lm, and N = 1500  2000, Eq. (4) yields
CI95 = ±[0.76: 0.57]. The conﬁdence intervals are directly compara-
ble to the L-function in Fig. 9a, and by comparison it is seen that
the ﬁbre arrangements can be regarded as random for h J 60 lm.
The number of neighbours for each FVF in the composite lami-
nates and simulations is shown in Fig. 10. For the simulated ﬁbre
arrangements, the average value is plotted along with the respec-
tive minimum/maximum ranges. Skewness is ignored, and all re-
sults are assumed to follow normal behaviour described by a
mean value and standard deviation.
The ﬁbres tend to arrange in a pseudo-hexagonal pattern where
each ﬁbre is associated with approximately six neighbours. This
packing tendency is consistent and independent of the FVF. The
standard deviation of the number of neighbours, Fig. 10b, is
decreasing for increasing FVF meaning that the ﬁbres pack more
consistently towards a hexagonal array. The nearest neighbour dis-
tance is presented in Fig. 11.
The mean nearest neighbour distance and standard deviation,
presented in Fig. 11, decrease for increasing FVF, which seems
reasonable for a larger degree of compaction when increasing the
FVF. Both trends seem to follow a linear behaviour. The number
of contact points per ﬁbre is depicted in Fig. 12.
The number of contact points per ﬁbre, Fig. 12, is an increasing
function for increasing FVF. There is an approximately linear ten-
dency between the number of contact points as function of FVF.
The local FVF is deﬁned as the area fraction between the ﬁbre
and the associated Voronoi cell, and the results are presented in
Fig. 13.
The local FVF for the laminates is larger than the global FVF, but
with equal magnitude for the simulated microstructures. This is
discussed in the following section. Both seem to dependent linearly
on the global FVF. The standard deviation seems to be constant and
independent of the FVF.
3.4. Parametric variation of ﬁbre radii distribution
Based on the ﬁndings in the previous sections, it is believed that
the microstructure generator can be used to simulate ﬁbre archi-
tectures in a composite material, and a parametric variation of
the parameters for the ﬁbre radii distribution seems to be
(a)
(c) (d)
(b)
Fig. 14. Second order statistics for two different FVF’s for different variations in the ﬁbre radii distribution. (a) and (c): the L-function. (b) and (d): pair distribution function.
Top row, (a) and (b): FVF ’ 55%. Bottom row, (c) and (d): FVF ’ 70%. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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trustworthy. The radii distribution is again modelled as skew-nor-
mal. A normalised SRVE is used in the analysis, and to ease the
visuality the average data are omitted, and only the respective
minimum/maximum ranges are presented. Results are presented
in similar format as the previous section, and can be found in
Figs. 14–18. For two different FVF’s (55% and 70%) the differences
in ﬁbre packing patterns are reﬂected in the L-function, Eq. (3),
and pair distribution function, Eq. (5), presented in Fig. 14.
Independent on the parameters of the ﬁbre radii distribution,
there seems to be an agreement between the ﬁbre packing pat-
terns, and similar behaviour is observed for both FVF’s. Again, the
conﬁdence intervals from Eq. (4) indicate that that packing pat-
terns tend towards a random conﬁguration for increasing h. The
number of neighbours is presented in Fig. 15.
The number of neighbours per ﬁbre, Fig. 15, is seen to be unaf-
fected by variations in the ﬁbre radii distribution; nonetheless,
with a slight variation on individual simulations for a larger mean
radius (blue curve). The nearest neighbour distance is depicted in
Fig. 16.
The nearest neighbour distance, shown in Fig. 16, is unaffected
by the parameters of the ﬁbre radii distribution. Fig. 17 shows the
number of contact points per ﬁbre as a function of FVF.
The number of contact points per ﬁbre, Fig. 17, is independent
on the parameters of the ﬁbre radii distribution; however, there
seems to be a slightly larger variation for different mean ﬁbre radii.
Fig. 18 shows the local FVF as a function of the global FVF.
The local FVF, Fig. 18, is also independent on variations of the
ﬁbre radii distribution, but the standard deviation of the local
(a)
(b)
Fig. 15. Number of neighbours as a function of FVF for different variations in the
ﬁbre radii distribution: (a) mean and (b) standard deviation. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
(a)
(b)
Fig. 16. Nearest neighbour distance, dij, as a function of FVF for different variations
in the ﬁbre radii distribution: (a) mean and (b) standard deviation. (For interpre-
tation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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FVF changes when the mean value or standard deviation of the ﬁ-
bre radii are varied.
4. Discussions
4.1. Fibre architecture from laminates and numerical simulation
Due to the glass ﬁbre manufacturing process there will be a
minimum ﬁbre radius, which is caused by the fact that the smallest
ﬁbres tend to break during processing. This means a tendency for a
right-skewed ﬁbre radii distribution, e.g. as shown in Fig. 5. It is
seen from Figs. 6 and 7 that the ﬁbre packing pattern is not affected
signiﬁcantly by the different ﬁbre radii distributions considered.
Thus, in order to be able to model a wider- and skew-radii distribu-
tion, and to get as close as possible to the observations made in
genuine laminates, it is chosen to use the skew-normal distribution
for the ﬁbre radii variation. Even though the ﬁbre packing pattern
does not change signiﬁcantly depending on the ﬁbre radii distribu-
tion, see e.g. Figs. 6 and 7, there is a connection to the mechanical
properties. For instance, ﬁbres in contact are severe regarding local
stress concentrations, see e.g. Kushch et al. [19]. It is seen from
Fig. 7 that the number of contact points per ﬁbre increase with
approximately 10% if the ﬁbre radii distribution is modelled as
skew. Therefore, it is recommended to use a distribution that mod-
els skewness (e.g. as the skew-normal distribution used in the
present) even though the ﬁbre packing pattern remains somewhat
unchanged.
It is likely that the ﬁbre radii distribution from the laminates
should be continuous rather than discrete as presented in Fig. 5,
but since the observed radii statistics are determined based on pix-
els values with ﬁnites size, the distribution is discrete.
Fig. 9 shows the differences in the ﬁbre packing pattern in terms
of the L- and g-functions for different FVF’s. Both show character-
istic peaks in multiples of the (mean) ﬁbre diameter plus the
nearest neighbour distance meaning that there is a certain degree
of clustering/regularity at these distances. This tendency is most
pronounced for values of h approximately <60 lm. The conﬁdence
intervals from Eq. (4) show that the point pattern can be regarded
as random for h J 60 lm ’ 7rmean, which is in similar magnitude
as reported by Melro et al. [3]. Since the FVF is an average charac-
terisation parameter for the study region, an increasing FVF means
a more compact ﬁbre packing. As it is seen from both the L- and
g-functions, an increasing FVF does not change the ﬁbre packing
pattern signiﬁcantly, but ensures a tighter packing. This is reﬂected
in a horizontal shift to the left in the functions meaning that a
tighter ﬁbre packing is present for increasing FVF.
For all considered descriptive parameters (number of neigh-
bours, nearest neighbour distance, contact points per ﬁbre, and lo-
cal FVF), the simulations seem to match the statistical point
Fig. 17. Contact points per ﬁbre as a function of FVF for different variations in the
ﬁbre radii distribution. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
(a)
(b)
Fig. 18. Local FVF as a function of global FVF for different variations in the ﬁbre
radii distribution: (a) mean and (b) standard deviation. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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pattern behaviour in the laminates quite accurately. All parameters
appear to be linear related to the FVF. The simulations of the mean
local FVF predict a lower value compared to the laminates, which is
due to inaccuracies in the circle detection algorithm for the consid-
ered microscope magniﬁcation, see e.g. Zangenberg et al. [16]. Due
to the characteristics of the circle detection, it is likely that the ﬁ-
bre radius detected by the Hough algorithm will be larger than the
actual ﬁbre radius, leading to an increased value of the local FVF.
Still, the slope of the two curves in Fig. 13a is somewhat alike.
A parametric variation of the ﬁbre radii distribution reveals that
a varying mean ﬁbre radius does not change the ﬁbre architecture,
which is due to the fact that the SRVE is a dimensionless quantity
and scales with the ﬁbre radius.
4.2. Fibre radii distribution and mechanical properties
The inﬂuence of variations in the ﬁbre radii distribution on
mechanical properties is outside the scope of this work, but other
studies have shown that a change in ﬁbre radius have an effect on
the mechanical laminate properties. Adams and Short [20] (long
glass ﬁbres/polyester matrix, ﬂexure and torsion experiments) as
well as Ramsteiner and Theysohn [21] (short glass ﬁbre reinforced
polyamide, tension and impact experiments) studied the relation
between the (mean) ﬁbre radius and mechanical properties, and
found that the longitudinal Young’s modulus of the composite
was independent on the ﬁbre radius. This is also what could be ex-
pected using the rule of mixtures. Adams and Short [20] also found
an increase in interlaminar shear strength for decreasing ﬁbre ra-
dius, and Ramsteiner and Theysohn showed an increase in com-
posite failure strength for a smaller mean ﬁbre radius. They also
found that the interfacial shear strength was independent on ﬁbre
radius, which is in contradiction to the work of Moon et al. [22]
(glass ﬁbre/epoxy matrix, pullout experiments) who reported and
increase in strength for a decrease in ﬁbre radius. Unfortunately,
no references are found for the inﬂuence of ﬁbre radii statistics
on the fatigue performance. The above presentation illustrates that
there is at least an interconnection between ﬁbre radius and the
static mechanical composite properties. It is shown in the present
study that the ﬁbre radii distribution has limited effect on the ﬁbre
architecture, but it is still an open question which ﬁbre radii distri-
bution is ideal to ensure optimum mechanical properties, thermal
behaviour, damage tolerance, and fatigue performance.
5. Conclusion
Statistical Representative Volume Element’s (SRVE’s) of Glass
Fibre Reinforced Polymers (GFRP’s) have gained interest due to
their feasibility in numerical simulations, but it is essential that
the SRVE replicates the microstructure of the materials considered.
A quantitative study relates the ﬁbre architecture found in com-
posite laminates to a SRVE. Digital image analysis of polished
cross-sections of a unidirectional GFRP has been used to character-
ise the ﬁbre architecture and compare it to numerically generated
SRVE’s.
From the analysed laminates, it is shown that the ﬁbre radii var-
iation is best described by a right skewed distribution. In order to
replicate the correct statistics of the ﬁbre radii variation, it is rec-
ommended to use the skew-normal distribution well aware that
the ﬁbre packing pattern remains unchanged if another probability
distribution is used.
A numerical microstructure generator demonstrates that the
spatial statistics in the ﬁbre architecture can be replicated, and that
a reliable and statistically consistent SRVE can be simulated. Based
on Monte Carlo simulations, the microstructure generator simu-
lates ﬁbre architectures that are statistically similar to the GFRP’s.
It is shown that the ﬁbre packing pattern is random on a length
scale approximately larger than 7rmean where rmean is the mean ﬁ-
bre radius.
A parametric variation of the ﬁbre radii distribution (mean,
standard deviation, and skewness) shows that the ﬁbre architec-
ture is unaffected by any changes of the parameters considered.
This is an important property that can be used in future numerical
studies to optimise the mechanical performance of GFRP’s with re-
spect to ﬁbre geometry.
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In a previous study, Trias et al. [1] determined the minimum size of a statistical representative volume element (SRVE) of a uni-
directional ﬁbre-reinforced composite primarily based on numerical analyses of the stress/strain ﬁeld. In continuation of this, the
present study determines the minimum size of an SRVE based on a statistical analysis on the spatial statistics of the ﬁbre packing
patterns found in genuine laminates, and those generated numerically using a microstructure generator.
 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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In order to numerically investigate mechanical
properties and damage evolution of ﬁbre-reinforced
composites, statistical representative volume elements
(SRVEs) are widely used (see e.g. [1–3] for a general pre-
sentation). The size of the SRVE is fundamental since it
must be large enough to catch the correct stress/strain
ﬁelds and spatial statistics of the ﬁbre packing pattern.
At the same time, the SRVE must be as small as possible
to minimize the computational eﬀort in a ﬁnite element
context. For transverse cross-sections of unidirectional
ﬁbre-reinforced composites, limited information is avail-
able regarding the minimum size of the SRVE; however,
Trias et al. [1] have determined the minimum SRVE size
based on diﬀerent mechanical analyses (e.g. stress/strain
ﬁeld, eﬀective properties, and energy) of generated
microstructures made of a carbon/epoxy system. In or-
der to replicate the evaluation parameters considered
with reasonable reliability, the minimum side length ob-
tained is L = 50 r for a square-shaped SRVE with uni-
form ﬁbre radius r. They did not consider any
comparisons to actual microstructures found in genuine
composite laminates, and as continuation of the work of
Trias et al., the present study determines the minimum
size of an SRVE with non-uniform ﬁbre radii distribu-
tion considering only the spatial point pattern statistics.
For varying size of the square-shaped SRVE, a compar-
ison is made between the ﬁbre packing patterns found in
genuine composite laminates and that produced numer-
ically using a microstructure generator.
The ﬁbre packing pattern of three diﬀerent unidirec-
tional composite laminates with varying ﬁbre volume
fraction (FVF) is analysed using digital image analysis.
The laminates (glass ﬁbres/polyester matrix) are manu-
factured using the VARTM process, and micrographs
of the microstructure are captured from transverse
cross-sections using a scanning electron microscope.
The ﬁbre architecture is mapped by the circular Hough
transformation, which yields the ﬁbre location and the
individual ﬁbre radii [4]. The obtained ﬁbre radii statis-
tics (mean, standard deviation and skewness) from the
analysed laminates are: rmean = 8.59 lm, rstd = 0.74 lm,
and rskew = 0.35 lm. These ﬁbre radii statistics are used
as input to a numerical microstructure generator to rep-
licate the ﬁbre architecture. The microstructure genera-
tor is inspired by the work of Melro et al. [2] and is
based on a hard-core generator with a sophisticated
stirring criteria to ensure the ﬁbre packing, especially
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for ﬁbre volume fractions above 60%. The ﬁbre stirring
criteria is a combination of a compaction step of the
closest ﬁbre neighbours and the shortest path through
all ﬁbres. Fibre allocation for ﬁbre volume fractions
above 60% is ensured using a sub-domain allocation
based on the area of the largest Delaunay triangles. By
comparison between genuine laminates and generated
microstructures, it is found that the numerical micro-
structure generator is capable of producing statistically
similar ﬁbre architectures with respect to the point pat-
tern, and thus it is suitable for numerical generation of
SRVEs [5]. These two tools are used in the present to
study the minimum size of the SRVE that can be used
to replicate the spatial statistics of the composite micro-
structure. Five diﬀerent sizes of the square-shaped
SRVE (L  L, varying from L = 300–700 lm) are simu-
lated, and selected microstructural parameters are used
to evaluate the consistency. For each size of the SRVE,
diﬀerent FVFs are generated, matching those found in
the laminates. Five diﬀerent microstructures are gener-
ated for each FVF to identify individual variations.
The microstructural characterization parameters are:
the number of neighbours per ﬁbre, the nearest neigh-
bour distance, the number of contact points per ﬁbre
and the local FVF (ﬁbre area in relation to the area of
the associated Voronoi cell; see e.g. [5]). These parame-
ters are described by the mean value obtained from the
diﬀerent analyses. The spatial point pattern is evaluated
for a single FVF using a second-order statistical analysis
based on the Ripley K-function, K(h), and the pair dis-
tribution function, g(h) [5–8]. The second-order statistics
are presented as the deviation from complete spatial
randomness (CSR) in terms of the expressions
LðhÞ ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃKðhÞ=pp  h and g(h)  1, which for the case
of CSR yields L(h) = g(h)  1 = 0 [5,6,8]. Fibre centres
are used as input for the determination of the second-or-
der statistics.
The FVFs obtained in the laminates are [60.4, 65.4,
70.2]%, and the simulated microstructures are chosen
to be with FVF = [60, 65, 70]%. The number of neigh-
bours per ﬁbre, the nearest neighbour distance, the num-
ber of contact points per ﬁbre and the local FVF are
presented in Figure 1 for the diﬀerent sizes of the SRVE.
For each FVF presented, the respective property is nor-
malized with the associated value from the correspond-
ing laminate. This means that an identical replication of
the microstructure is obtained for the properties equal to
unity. From Figure 1 it is observed that the number of
neighbours per ﬁbre, the nearest neighbour distance,
the number of contact points per ﬁbre and the local
FVF are all unaﬀected by the size of the SRVE; nonethe-
less, there is a larger individual scatter for smaller sizes
of the SRVE (larger magnitude of the errorbar). Figure 2
shows the deviation between the requested and obtained
FVFs from the microstructure generator. According to
Figure 2, a smaller SRVE size and a lower requested
FVF imply a larger deviation in the obtained FVF in
the simulations. Furthermore, there seems to be an
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Figure 1. Diﬀerences between the ﬁbre packing pattern for a numerically generated SRVE and composite laminates. The SRVE is square shaped,
with side length L. Results are normalized with the value obtained from the respective composite laminate with the same FVF, and the error bar
reﬂects the minimum/maximum value obtained in the simulation. (a) Number of neighbours. (b) Nearest neighbour distance. (c) Number of contact
points per ﬁbre. (d) Local FVF.
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asymtotic behaviour for LP 600 lm. Therefore, in or-
der to obtain the least deviation on the required FVF
and to reduce individual scattering, the side length
should be at least L = 600 lm. The second-order statis-
tics are presented in Figure 3 for a selected FVF, namely
FVF = 65%. In Figure 3 the functions show characteris-
tic peaks in multiples of the mean ﬁbre diameter plus the
communal ﬁbre-to-ﬁbre distance. This means an in-
creased probability of clustering for these distances.
For increasing values of h, the packing pattern tends to-
wards CSR, with L(h) = g(h)  1 = 0. It is noted from
Figure 3 that the packing pattern of the laminate follows
a CSR pattern if h J 60 lm ’ 7rmean. This means that
the size of the SRVE must be larger than 7rmean in order
to replicate the CSR pattern. This observation is in
accordance with that of Zangenberg and Brøndsted
[5]. For the smaller side lengths of the SRVE, the sec-
ond-order statistics cannot be replicated due to the small
amount of ﬁbres, which is reﬂected in the deviating pat-
terns, especially distinct for L < 600 lm, see also the
magniﬁed image in Figure 3(a). For L < 600 lm the
functions seem to drift away from the laminate data,
while, by inspection and comparison to the genuine lam-
inate, it is found that the deviation is reduced for
LP 600 lm. Therefore, LP 600 lm appears to be a
suitable minimum side length for the SRVE.
If the ﬁbre radii distribution is assumed to follow a
normal behaviour, then 99+% of the distribution is cov-
ered within the range of rmean ± 3rstd. Since larger radii
imply a more diﬃcult ﬁbre allocation in the simulations,
an equivalent radius, req, accounting for the non-unifor-
mity of the radii distribution, is proposed as:
req = rmean + 3rstd. Trias et al. [1] found that a
normalized side length equal to d = L/r = 50 for a
square-shaped SRVE with uniform ﬁbre radius, r,
would be suﬃcient to replicate the correct stress/strain
ﬁeld. Using this notation with the equivalent radius
and L = 600 lm, it is found that d = L/req = 56 is
suﬃcient for the spatial point pattern statistics to be sat-
isﬁed. Following the conclusion from Trias et al., it is
noted that, for this value of d, the stress and strain ﬁelds
will also be satisﬁed. Therefore, the spatial point pattern
statistic of the ﬁbre microstructure can be replicated for
approximately the same size of the SRVE.
In summary, the minimum size of an SRVE of a
transverse cross-section from a unidirectional ﬁbre-rein-
forced composite with non-uniform ﬁbre radii distribu-
tion is investigated using point pattern statistics.
Numerical microstructures are generated for diﬀerent
sizes of the volume element, and the resulting ﬁbre pack-
ing pattern is compared to that found in genuine com-
posite laminates. For side lengths of the square-shaped
SRVE L > 600 lm, all considered evaluation parameters
are met. Introducing an equivalent ﬁbre radius req =
rmean + 3rstd, the point pattern statistics are replicated
for d = L/req = 56. This value corresponds to the ﬁnd-
ings by Trias et al. [1] considering numerically generated
SRVEs and the mechanical performance.
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Figure 2. Deviation in the requested and obtained ﬁbre volume
fraction from the numerical microstructure generator.
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Figure 3. Second-order statistics of composite architecture from
genuine laminates and simulated microstructures. Results are shown
for FVF = 65%. The SRVE is square shaped, with side length L. (a)
The L-function. (b) Pair distribution function.
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ABSTRACT: Damage progression in unidirectional glass fibre reinforced composites 
manufactured of a non-crimp fabric subjected to tension-tension fatigue is investigated, and a 
quantitative explanation is given for the experimentally observed stiffness degradation. The 
underlying damage-mechanisms are examined using three distinct microscopic analyses, and 
the transverse crack density is measured. It is documented that the stiffness loss in fatigue is 
directly related to fibre fractures in the load-carrying axial fibre bundles, initialised by 
interface debonding and cracking in the transverse backing bundles. A simple stiffness spring 
model validates the stiffness loss observed. A fatigue damage scheme is presented, which 
suggests that damage initiates due to failure of the backing bundle causing a stress 
concentration in the axial load carrying fibres. This stress concentration, along with fretting 
fatigue, gives rise to axial fibre fractures and a loss of stiffness, eventually leading to final 
failure. The uniqueness of the present work is identification of the mechanisms associated 
with tension fatigue failure of unidirectional non-crimp fabrics used for wind turbine blades. 
The observed damage mechanisms need further attention and understanding in order to 
improve the fatigue life-time of unidirectional glass fibre reinforced non-crimp fabrics.  
 
KEYWORDS: Fatigue damage; glass fibre reinforced composite; microscopy; fibre fracture; 
stiffness degradation; non-crimp fabric. 
 
INTRODUCTION 
Stiffness degradation of unidirectional Glass Fibre Reinforced Polymers (GFRP’s) under 
tension fatigue loading is a well-known observation.1-5 Nonetheless, there has not been any 
unambiguous explanation for what mechanisms cause this stiffness loss in the unidirectional 
GFRP’s made of a non-crimp fabric (NCF). However, for regular cross-ply (or angle-ply) 
laminates, the damage mechanisms are well described both for static and cyclic loading.6-10 
Simple calculations using the rule-of-mixtures show that the stiffness loss of the 
unidirectional composite cannot be solely explained by loss of matrix stiffness alone; hence, 
fractures of individual axial load-carrying fibres must occur. This fact has been reported by 
different researchers e.g. Gamstedt & Talreja.11 A typical tension-tension fatigue process for a 
unidirectional GFRP under constant stress is sketched in Figure 1(a) showing two different 
common types of observable damage: degradation of stiffness and/or increase in material 
damping (increasing size of the hysteresis loop). Continuous monitoring of these damage 
variables during a fatigue experiment enables a quantitative measurement of the damage 
evolution as function of load cycles, Figure 1(b). The damage progression in Figure 1(b) is 
typically characterised by a non-linear initiation stage (stage I), a stage of uniform linear 
damage propagation (stage II), and finally stage III where damage is localised and leads to 
final failure.1 The magnitude and evolution of the stiffness loss is dependent on loading type, 
loading magnitude, layup sequence, and material properties. Often, the global stiffness loss 
leads to localisation before the entire stiffness of the composite is lost.3, 10 Monitoring 
stiffness loss (or damping) can therefore be used to determine the damage level in a GFRP.12 
 
[Figure 1 around here] 
 
The application focus of the present study is wind turbine rotor blades manufactured of a 
GFRP. Two dimensioning factors in modern blade design are fatigue in relation to life-lime, 
and stiffness in relation to tower clearance. Stiffness degradation is therefore an important 
mechanism to understand and describe in order to maintain sufficient tower clearance during 
the blade life (typically 20-25 years). Traditionally, composites for blade application are made 
of non-crimp fabrics where straight fibres in bundles with different orientation are stitched 
together to form a preform. Lomov13 gives an introduction to NCF technology. For large 
single or double curved moulded composite structures (like rotor blades), transverse backing 
fibres are used to support the fabric and maintain fibre alignment while handling/draping the 
fabric in the mould. Limited information is available in relation to damage progression for 
these non-crimp materials. This is especially true for unidirectional GFRP’s with backing 
fibres where there does not seem to be a definitive explanation for the mechanisms related to 
fatigue damage. Samborsky et al.14 reported an influence of backing layers on the mechanical 
fatigue performance, but they did not investigate the associated damage mechanisms. For 
static loading only, Edgren et al.15 investigated transverse cracking in a [0/90]s non-crimp 
material in terms of crack density and numerical studies. Gagel et al.16 investigated the fatigue 
behaviour of a multiaxial NCF based on crack density. The present study is a quantitative 
analysis of the tension fatigue damage mechanisms that govern the life-time of a non-crimp 
GFRP; thus, the focus is on identifying the specific mechanism of stiffness reduction. 
Tension-tension fatigue experiments are conducted at selected representative load-levels to 
characterise the material stiffness degradation during fatigue. Based on the obtained stiffness 
degradation curves, an additional experiment is carried out and stopped in stage II at a 
predefined damage level, and the obtained material damage is analysed using different 
microscopic techniques. A simple analytical linear spring model is used to analyse the 
stiffness loss. Using the experimental observations, a damage sequence in relation to tension-
tension fatigue is postulated. The associated damage modes are investigated for two different 
load levels. The materials used, fatigue characteristics, and load-magnitude and -ratio are 
typical for the design of the main laminate in a wind turbine blade. 
 
MATERIALS AND METHOD 
The material used in the present study is a unidirectional non-crimp glass fibre fabric with 
backing. Details on the fabric architecture can be found in Table 1.   
 
[Table 1 around here] 
 
The backing bundles are placed on top of the axial bundles and stitched together using a 
polyester thread; thus, the backing bundles are in direct contact with the axial fibres. During 
the stitching process, the backing bundles are separated and form a somewhat entangled and 
irregular spaced pattern, which causes a transverse in-plane waviness of the layer. In the 
following, the terminology intertwining region will be used to refer to this region, see Figure 
2(b). The two sides of the dry un-infused fabric are illustrated in Figure 2 where the axial 
bundles and the sewing thread (polyester) are visible on one side, and the backing fibres on 
the other. 
 
[Figure 2 around here] 
 
The fabrics are stacked as [b/0, b/0]s where b indicates the backing layer, i.e. with the backing 
layers oriented symmetrically towards the free edges. Panels are manufactured using a closed 
mould with a differential vacuum pressure and a thermoset unsaturated polyester resin. End 
tabs are mounted, and planar test specimens are cut according to ISO 527-418 with a gauge 
region of 150 x 25 x t mm where t is the specimen thickness. A servo hydraulic Instron 8501 
test machine is used for the experiment, and two extensometers are placed back-to-back in the 
central part of the specimen to measure the axial strain. Prior to the fatigue testing, the 
specimens are preloaded in order to determine the initial stiffness, E0. Load-controlled, 
constant amplitude, tension-tension fatigue experiments are conducted. The load waveform 
follows a sinusoidal pattern with a frequency of 5Hz. Tension-tension fatigue is most 
important to blade design, and a characteristic load ratio R = σmin/σmax = 0.1 is used in the 
present study. Two different magnitudes of the maximum initial strain are used, namely εmax = 
σmax/E0 = 0.6% and εmax = 0.8%. In order to mimic the fatigue damage, the experiments tested 
at the largest load serve as a validation for the observed damage mechanisms in the least 
loaded specimen. For the least loaded sample, full life-time stiffness degradation curves, 
similar to Figure 1(b), are established for the material in order to gain information about the 
life-time and the stiffness-loss of the composite. Subsequently, the fatigue test is stopped in 
stage II when the maximum strain reaches a preset value of 0.64%. At this strain level, a 
certain amount of fatigue damage is accumulated in the material. Three procedures are then 
used for fatigue damage inspection: (i) specimen surface using optical polarised light 
microscopy, (ii) interior of specimen considering a longitudinal section and electron 
microscopy, and (iii) removing the resin by burning and inspect for broken axial fibres by 
optical microscopy. The different inspection sites are illustrated in Figure 3. In order to 
examine for eventual initial damage due to residual stresses (shrinkage of resin), inspection 
site (ii) is also analysed in the unloaded part of the specimen (the tab region).  
 
[Figure 3 around here] 
 
Based on the longitudinal sections of the fatigue tested composite, the transverse crack 
density in the backing layer (both surface and interior) is inspected and measured 
microscopically. In the present investigation, a transverse crack is defined if the backing 
fibres are debonded from the matrix along a somewhat straight line through the entire layer 
thickness. The transverse crack spacing, s, is measured and related to the equivalent layer 
thickness, teq. The equivalent thickness is determined by measurement of the area (volume) 
encapsulated between to cracks divided with the crack spacing. The transverse crack density 
is dependent on the layer thickness, Hutchinson and Suo19, and it is thus suitable to 
investigate the normalised crack spacing teq/s. The underlying mechanisms that cause the 
material damage during the fatigue experiments are analysed quantitatively, and a damage 
scheme is presented. The results presented are limited to a single fibre volume fraction, tested 
at different initial strain levels. The fibre volume fraction used is representative for typical 
materials used in wind turbine blades. It is of interest to investigate other volume fractions in 
relation to fatigue damage, but with regards to the industrial application, the FVF considered 
is adequate.The mass of the fibre and matrix is measured by the ignition loss method, and the 
fibre weight fraction of the present sample is calculated to be 73.6% with a standard deviation 
of 1.21% (fibre volume fraction, FVF = 55.1%, standard deviation 1.52%). The mean porosity 
content is 0.54% with a standard deviation of 0.04%. 
 
RESULTS 
Stiffness Loss during Fatigue 
The fatigue damage evolution is presented in Figure 4 along with the associated normalised 
stiffness degradation. The data shown in Figure 4(a) is for one of the least loaded samples that 
is run to failure, and the plot is normalised with the maximum number of cycles for that 
particular sample, Nmax. 
[Figure 4 around here] 
 
Since the experiment is conducted in load-controlled mode, the stress remains constant and 
the strain increases (stiffness decreases) as function of normalised cycles, c.f. Fig 4(a). Figure 
4(b) shows the stiffness degradation curves for the two tested initial strain levels. As seen, 
there is small variability in the stiffness degradation curves, which suggest an adequate 
consistency in the experiments. Similar magnitude of the stiffness loss is reported in the 
different stages independent on the initial load-level; however, with an increasing progression 
rate for increased initial strain. The mean initial stiffness is determined as E0 = 48.0GPa with 
a coefficient of variation cv = 1.53%. The experiment with εmax = 0.6% is used for inspection 
of damage, and those with εmax = 0.8% are used as validation of the observed mechanisms. 
For εmax = 0.6%, two initial tests are conducted in order to measure the fatigue life-time and 
corresponding stiffness degradation curve for the material. Based on these curves, test 
parameters for an additional experiment are set i.e. when the test is to be stopped at a 
predefined damage level (stiffness loss) in order to inspect for damage. The normalised 
stiffness has reached a level E/E0 = 0.958 when the test is stopped. The fatigue damage 
mechanisms are investigated in further detail in the following sections for the sample that is 
stopped before final failure. 
 
Surface Damage  
Polarised optical microscopy is used to inspect for fatigue damage on the specimen surface, 
see e.g. Figure 3(i). A typical micrograph showing the fatigue damage of a specimen loaded 
with an initial strain εmax = 0.6% is shown in Figure 5. Figures 5(b)-(c) are produced using 
image stitching of several individual micrographs. Note that the micrographs appear in better 
quality in the digital version of the manuscript. 
 
[Figure 5 around here] 
 
A considerable amount of fatigue damage is observed, and a closer examination reveals that 
the damage is concentrated in consistent crack bands in the backing bundles; especially, in the 
intertwining regions, see e.g. magnification in Figure 5(b). The cracks bands are believed to 
be transverse or interface cracks orientated in the direction along the backing fibres. Beneath 
the backing fibres in the intertwining regions, an extensive amount of fibre debonding is 
found in the axial load-carrying fibre bundles, see Figure 5(c). Cracks or damage in the resin 
rich (intermediate) region between the backing bundles are apparently not present. 
 
Interior Damage 
A typical longitudinal section (cf. Figure 3(ii)) with constituents is shown in Figure 6.  
 
[Figure 6 around here] 
 
It is observed from Figure 6 that the axial fibres are not completely aligned in the loading 
direction, but with a small degree of waviness. The backing bundles are either located near the 
specimen surface or in the interior of the sample, and Figures 7 and 8 show a magnification of 
typical backing bundles at these two locations. For both locations, similar damage types are 
found: (i) interface delamination of the backing fibres, (ii) transverse cracks, and (iii) axial 
fibre fractures. Examples on these are highlighted in the figures as well. The micrographs are 
created using image stitching of several individual images.  
 
[Figure 7 around here] 
 
Figure 7 presents the fatigue damage associated to the surface bundles, and it confirms that 
the crack bands seen on the specimen surface in Figure 5 are related to transverse cracking 
and fibre debonding/interface delamination in the backing bundle. By measurement, it is 
found that the axial fibres are broken until a distance approximately equal to 200µm inside the 
axial layer, which is roughly around 20% of the thickness of the axial layer. This gives a 
notable contribution to the decrease in axial stiffness. Figure 8 shows the fatigue damage for a 
bundle located inside the sample.  
 
[Figure 8 around here] 
 
As for the surface bundles, damage in the interior of the specimen is characterised by fibre 
debonding and transverse cracking along the backing fibre interfaces. It is remarkable that no 
matrix cracks are found in the resin rich (intermediate) regions in the sample. It is also 
observed that axial fibre fractures are primarily found in the axial layer to which the backing 
bundle is stitched. The extension of the fractures in the axial fibres is in this case 
approximately equal to 400µm, which is around 40% of the axial layer thickness. 
Selected details of the damaged composite are shown in Figure 9 for two interior and one 
surface bundle. 
 
[Figure 9 around here] 
 
As seen from Figure 9, the damage modes are complex, but with common characteristics: an 
extensive amount of fibre debonding in the backing layer leading to a transverse crack in the 
axial layer. Furthermore, Figures 9(b)-(c) suggest that the crack initiates within the backing 
bundle and propagate towards the axial layer. Depending on the thickness of the resin layer 
between the backing bundle and the axial layer, the crack may be arrested. This is due to a 
decrease in the energy release rate for a crack in a compliant material approaching a stiffer 
material. This problem is analogous to cracking of thin films, analysed by Beuth20. The 
transverse crack either gives rise to axial fibre breaks, Figure 7(b), or, as shown in Figure 
9(a), leads to debonding along the interface in the axial layer. 
In order to examine for eventual initial fibre debonding in the backing layer due to residual 
stresses or chemical shrinkage, the unloaded tab region is inspected. This is shown in Figure 
10 for both a surface and interior bundle.  
 
[Figure 10 around here] 
 
In general, the adhesion between backing fibres and resin is relatively good, Figure 10(a) and 
(c), but regions are found where there is an initial fibre/interface debonding caused by residual 
stresses or chemical shrinkage, Figure 10(b) and (d). This is critical since damage initiates in 
these regions.Two bundles (surface and interior) are selected for measurement of the 
transverse crack densities, and can be seen in Figures 11 and 12.  
 
[Figure 11 around here] 
 
[Figure 12 around here] 
 
The measurements of the normalised crack spacing for both bundle types are shown in Table 
2. It is noted that measurements are assigned an uncertainty due to determination of the exact 
location of the transverse cracks and the equivalent bundle thickness. 
 
[Table 2 around here] 
 
It is observed from Table 2 that the surface bundles have a lower crack density compared with 
the interior bundles.    
 
Damage in Axial Fibres  
The resin is burned away in an oven, and broken fibres are found in the axial bundles in the 
regions of contact to the backing fibres. A top view of a typical specimen (initial strain εmax = 
0.6%) after burning the resin is shown in Figure 13(a). The polyester sewing thread is also 
burned off.  
 
[Figure 13 around here] 
 
After carefully removing the backing fibres at the same location, Figure 13(b), it is found that 
there is a severe concentration of broken axial fibres underneath the backing bundles, Figure 
13(c). These broken axial fibres contribute significantly to the axial stiffness loss of the 
composite. In order to highlight the statement regarding axial fibre fractures, an image overlay 
of Figure 13(a) and 13(b) is presented in Figure 14. Here, it is obvious that axial fibre 
fractures occur underneath the backing bundles; especially, in the intertwining region. 
 
[Figure 14 around here] 
 
 
 
Damage at Larger Initial Strain Level 
The previous sections have presented a thorough microscopic investigation on the damage 
sequence in the specimen loaded with an initial strain εmax = 0.6%. In order to validate the 
damage mechanisms observed, similar analyses are performed on a sample loaded to failure 
with an initial strain εmax = 0.8%. The final damage mode is dominated by tearing 
(longitudinal splitting and intralaminar delamination) and not a single localised sharp crack, 
see example in Figure 15. 
 
[Figure 15 around here] 
 
As above, the damage consists of transverse cracks (fibre debonding) in the backing layer 
extending into the axial load-carrying fibres. The extension of the broken axial fibres amounts 
to approximately 45% and 30% of the layer thickness for interior and surface bundles 
respectively before they form an intralaminar delamination as shown in Figure 15. These 
values are slightly larger than the sample analysed above, which is a result of the sample 
being loaded to failure. The normalised crack spacing is measured and presented in Table 2; 
however, only for the interior bundle.  
 
 
DISCUSSION 
Observations 
As seen from Table 2, the saturated crack spacing is almost twice for the surface bundles 
compared with the interior bundles. Surface cracks behave more like layers with double 
thickness, which is due to the free surface in comparison with the constrained interior 
bundles. This observation seems to be consistent with other studies e.g. Nairn and Hu21 and 
Gillespie and Hansen22. It is left to a future study to analyse and investigate the transverse 
cracking in fatigue e.g. based on a variational principles21,22, stress analysis, or finite 
elements.  
For the largest loaded specimen, it turned out to be complicated to inspect for transverse 
cracks in the surface bundles since the debonded backing fibres could not be inspected in the 
microscope (pure matrix cracks remained open and visible). It is believed that the cracks 
encircling the debonded fibres in the surface bundles are closed upon failure due to the release 
of internal stresses. For the interior bundles, the adjacent axial layers provide a constraint that 
limits the stress release, and enables the measurement of the transverse crack density. Still, 
independent on the maximum initial strain, the normalised crack spacing is in similar 
magnitude (Table 2), which indicates that the transverse crack spacing has reached saturation 
for the least loaded sample. The damage propagation modes observed are similar for both load 
levels considered. 
Edgren et al.15 studied transverse cracking in axial static loading of a carbon fibre reinforced 
NCF’s with a stacking sequence [0/90]s. Observations were similar damage modes as shown 
in the present: cracking of transverse bundles; however, without a discussion on the damage 
mechanisms. Using a unidirectional non-crimp fabric with backing strands (PPG-Devold 
L1200/G30-E07), Samborsky et al.14 investigated the effect of different resins (epoxy and 
unsaturated polyester) in tension fatigue (R = 0.1). They showed that the million cycle tensile 
strain differed with a factor of two in favour of the epoxy-based composites. Based on the 
observations in the present study, the difference between resins and fatigue life is linked to the 
shrinkage (thermal and chemical) of the resin, which initiate the transverse cracks. Previous 
studies determined the volumetric shrinkage strain as 3-7% for epoxy (e.g. Li et al.23) and 6-
10% for unsaturated polyester (e.g. Bogetti and Gillespie23), see also Nielsen25. Based on the 
volumetric shrinkage, and the fact that transverse cracks initialise as a consequence of 
residual stresses, it is thus expected that epoxy resins show better resistance in fatigue when 
fabrics with backing are considered. Furthermore, Samborsky et al.14 performed a tension 
fatigue experiment (R = 0.1) where the backing strands where removed in order to investigate 
the effect of these. No effect was reported for the case of an epoxy resin. For the polyester 
resin, the fatigue exponent on the SN-curve remained somewhat unchanged, but the 
intersection parameter increased with almost 20% when removing the backing strands. This 
means a significant improvement in the fatigue behaviour. For polyester resin, it is thus 
decisive to understand the damage mechanisms in fatigue associated with the backing layer in 
order to make a future material improvement.  
 
Stiffness Degradation Model 
A simple unit cell spring model is developed in order to predict the axial stiffness of the 
material considered, see Appendix. This model is used to evaluate the stiffness decrease for a 
fully cracked backing layer as well as a prediction on the stiffness loss as function of further 
fractures of the axial fibres. The predicted stiffness for the fibre volume fraction used in the 
experiments is E0 = 47.6GPa, which is in accordance with the experimentally observed ones 
E0 = 48.0GPa. As seen from Figure A.2(b), the stiffness contribution from the backing bundle 
is limited, and for the present sample the contribution is 0.542% (see also Figures A.2(b) and 
16). By comparison with the experimental stiffness degradation curves, Figure 4(b), the 
stiffness loss associated with transverse cracking of the backing layer accounts for stage I of 
the fatigue stiffness loss. Upon further applied cyclic load, transverse cracks from the backing 
bundles propagate into the axial layer, which gives a further stiffness decrease caused by the 
reduced layer thickness. Axial fibre debonding does not affect the stiffness loss significantly, 
but affects the damping characteristics. The experimentally observed reduction in axial layer 
thickness is in the order of 20-40%, and the simple spring model can be used to describe this. 
By introducing a stiffness reduction factor on the axial layer thickness, t2, varying from 0 
(fully cracked specimen, failed) to 1 (undamaged axial layer), it is possible to describe the 
stiffness loss as a function of reduction in axial layer thickness (a basic assumption is that all 
unit cell elements have the same thickness reduction). The result is shown in Figure 16 along 
with the stiffness loss observed for the least loaded fatigue sample that is used in the 
microscopic investigation above. 
 
[Figure 16 around here] 
 
From Figure 16 an initial stiffness loss corresponding to cracking of the backing bundles is 
predicted, and as the crack propagates into the axial layer a further decrease in stiffness is 
observed. Finally, the stiffness drops when the sample fails. A layer thickness reduction of 
45% is predicted by the model, which is in similar magnitude as observed experimentally. 
It is remarkable the shape of the curve in Figure 16 is similar to the stiffness degradation 
curve in Figure 4. In a fatigue experiment, the thickness reduction factor is actually a function 
of applied cycles. If it is possible to determine the thickness reduction factor as function of 
cycles (e.g. by tension fatigue test of the single edge notch test specimen), this can be coupled 
with the stiffness prediction to obtain an estimate of the stiffness degradation curve and 
fatigue life-time. Even though the model is quite simple, it is able to predict the stiffness loss 
with reasonable accuracy. Of course, other mechanisms are present such as stress 
redistribution due to cracking, stress concentration, etc., but these must be evaluated using 
finite elements. 
 
 
Fatigue Damage Scheme 
The fatigue damage process in stage II is investigated, and it is shown that damage initiates in 
the intertwining regions of backing bundles and then propagates to the axial fibres. 
Distinguishing between the different fatigue damage stages presented in Figure 1(b), an 
explanation for the mechanisms of tensile fatigue damage failure in an axially loaded 
unidirectional NCF with backing, is given in the following. It is noted that the scheme is only 
valid for material systems containing some kind of fibre backing arrangement, and not for 
pure unidirectional samples without backing. For pure unidirectional samples, the fatigue life 
is improved compared to the present material system, and is only governed by differences in 
the fibre architecture (packing pattern, touching fibres, local clustering, waviness, etc.) and 
the properties of the constituents (fibre, matrix, and interface), see e.g. Samborsky et al.14 
Obviously, these characteristics are also essential for the present material, but they are not the 
detrimental cause of fatigue failure. A graphical presentation of the proposed fatigue damage 
process can be seen in Figures 17 and 18.  
 
[Figure 17 around here] 
 
Stage I: Typical observed stiffness loss is within a few percent, and damage is characterised 
by transverse cracking/failure of the backing bundles causing delamination within the backing 
bundle and along the fibre/matrix interface, see e.g. Figure 18(b). Fibre adhesion and 
intralaminar properties are believed to be essential for this stage. Release of internal residual 
stress due to curing is an important issue that needs further attention. 
Stage II: Lasting most of the life-time with a somewhat constant stiffness degradation rate, 
damage consists of local stress concentrations around - and sliding friction (fretting, rubbing) 
between - the backing bundles and the axial fibres; especially, in the intertwining regions, see 
e.g. Figure 2(b). As the cyclic load is continuously applied, the fretting mechanisms along 
with stress concentrations cause fibre fractures in the axial bundles. Because of the stress 
concentration at the broken fibre ends in the load-carrying bundles, fibre debonding occurs 
and propagates along the axial direction. Fibre fracture and debonding continues throughout 
the stage, and cause both a loss of stiffness and an increase in material damping due to the 
friction. Interfacial fibre/matrix properties are considered crucial. The damage process is 
presented in Figure 18(c). 
Stage III: Near the end of the life-time of the GFRP, damage progression of stage 2 is 
localised in terms of longitudinal splitting (intralaminar failure) and leads to final failure. 
Final failure can often be observed near the end tabs where the local stress distribution is 
more complex. The associated damage mode close to final failure is illustrated in Figure 
18(d). 
 
[Figure 18 around here] 
 
It is believed that the transverse cracks originate from the inside of the backing bundle, and 
then propagate towards the axial layers or the sample surface. These transverse cracks may 
cause axial fibre fractures due to stress-concentrations or delamination along the interface 
between the axial- and backing-layer. Upon sufficient number of load-cycles, a crack 
saturation level is reached in the backing bundles, and the stiffness/strength of this layer is 
lost; hence, the entire load is carried by the axial bundles. During further cycling, the axial 
layers will slide on top of the backing bundles, which cause a fretting/rubbing fatigue 
mechanism and fibre fractures in the axial bundles.  
 
Reflections and Future Aspects 
Since the backing layer is not directly designed to contribute to the strength/stiffness of the 
composite, but is primarily necessary in order to handle the fabric, one can imagine possible 
solutions to the problem presented above:  
(i) optimise the fibre arrangement of the backing layer, 
(ii) change the backing fibres to a more compliant material to reduce the interfacial stresses 
and stiffness mismatch between the layers,  
(iii) apply a soft and thin interleaf (tackifier) between the axial bundles and the backing (see 
e.g. Tsotsis265, or Hillermeier & Seferis27). A soft interleaf has previously been demonstrated 
to reduce the interlaminar stresses in cross-ply laminates for static loading, Gillespie & 
Hansen.22 A soft interleaf can e.g. be made in combination with (ii),  
(iv) develop new stitching patterns that can stabilise and support the fabric so the backing 
layer can be avoided. 
The postulated fatigue damage sequence is based on quantitative observations, and a 
numerical investigation would be beneficial in order to investigate the influence of the 
backing layer during fatigue. In relation to numerical studies, the damage modes presented 
require large computational efforts as well as a methodology for fatigue damage evaluation, 
especially of the fibre/matrix interface. Static damage propagation of the fibre-matrix 
interface has been studied extensively both on single fibre and unit cell level, see e.g. Kushch 
et al.28 or Wang et al.29 but to mention a few. However, at least to the author’s knowledge, no 
useful and consistent models/methodologies are available at present to describe the interface 
properties in fatigue. Besides the unit cell approach, concepts of virtual testing and multi-scale 
modelling (see e.g. the work of Ladavéze30 or LLorca et al.31) are promising modelling 
strategies for numerical design and evaluation of composite materials. Future research efforts 
should be put in establishing a link between the experimentalists and numerics in order for 
virtual testing to be meaningful. The present work has contributed in the sense that tension 
fatigue damage mechanisms in non-crimp fabrics are discovered and assessed. Future work is 
focussed on describing the observed phenomena using different modelling strategies. 
 
CONCLUSIONS 
Despite the fact that unidirectional fibre reinforced composites is the simplest kind of 
laminated materials, the fatigue failure mechanisms are complicated and not understood in 
detail. Using three distinct quantitative procedures, tension fatigue damage in unidirectional 
glass fibre composites made of a non-crimp fabric with backing has been assessed and 
documented. The experimentally observed stiffness loss during fatigue is caused by an initial 
failure of the backing bundles forming a stress concentration, and a fretting/rubbing 
mechanism that gives rise to broken fibres in the axial load-carrying bundles. Upon further 
cyclic loading, these mechanisms cause fibre debonding near the ends of the broken axial 
fibres and further loss of stiffness. Damage is finally localised and failure occurs. A simple 
spring model is used to express and verify the stiffness loss as function of reduction in axial 
layer thickness. 
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APPENDIX 
Stiffness model 
In order to estimate the stiffness loss associated to cracking of the transverse backing layer, a 
simple spring model of the material is considered. A representative unit cell is established, see 
Figure A.1, and the axial stiffness is evaluated for the unit cell. Eventual fibre waviness, fibre 
debonding, and defects are neglected. 
 
[Figure A.1 around here] 
 
The unit cell is based on homogenised properties of the fibrous layers, and discretised so that 
the backing bundles are separated with equidistant distance. However, by coupling several 
unit cells in series with different lengths, the non-discretised model, Figure A.1(c), can be 
replicated. The stiffness of the axial layer, Ea, is determined using the rule of mixtures: 
mf
a
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With Vf being the FVF [-], and afE  and Em are the Young's moduli of the fibre (axial layer) 
and matrix, respectively. The transverse stiffness of the backing bundles, btE , is predicted 
using the Halphin-Tsai equation, Jones32: 
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where btE is transverse stiffness of the backing bundle. 
b
fE  and Em refer to the corresponding 
fibre (backing bundle) and matrix properties, respectively. A value of ξ = 2 is suggested for 
the transverse stiffness, Jones.32 If the backing layer is assumed continuous rather than 
discrete, then the stiffness of the backing layer, Et, including the intermediate resin region, is 
expressed as: 
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The axial stiffness of the entire unit cell, E, in Figure A.1(e)  is finally expressed as: 
t
att EEE
α
α
+
+
=
1
  with  
2
1
t
t
t =α     (A.4) 
Comparing the unit cell, Figure A.1, with the picture of the fabric, Figure 2(b), it is observed 
that the length ratio, αL, is a varying parameter. In order to get a reasonable representation of 
the actual material, the unit cell is coupled in series with a random length ratio in the range 
from 0 to 2. For the present analysis, 1000 unit cell elements in series are used with a varying 
random length ratio. It is reasonable to assume that the thickness ratio, αt, is independent on 
the FVF since the individual layers are compressed equally when the FVF is varied (different 
applied vacuum pressure). The thickness ratio is taken as the fraction between the area weight 
of the different layers, i.e. αt = t1/t2 = 60/1322 = 0.05, cf. Table 1. 
For simplicity, it is assumed that the volume fraction of the backing bundles and axial layer is 
similar, and the corresponding fibre stiffness is given in Table 1. Matrix properties are similar 
for the entire unit cell, and the resin modulus is Em = 3.3GPa. If the stiffness of the backing 
bundle is set to zero, 0=btE , this corresponds to full crack saturation of the backing bundle. 
The stiffness prediction of the model is shown in Figure A.2(a) for different fibre volume 
fractions, and compared with the rule of mixtures. The stiffness contribution from the backing 
bundle is shown in Figure A.2(b). 
 
[Figure A.2 around here] 
 
As seen from Figure A.2, the rule of mixtures overestimates the stiffness prediction with 
approximately 4%. The effect from the backing bundle is limited, and the stiffness 
contribution is in the order of 0.5%. 
 
Table 1. Properties of the fibres in the non-crimp fabric considered. 
 Axial fibres Backing fibres 
Diameter [μm] 17 or 24 9 
Roving size [tex] 2400 68 
Nominal area weight [g/m2] 1322 60 
Orientation [deg] 0 ±80 
Glass type17 High performance, WindStrand E-glass 
Young’s modulus17 87.5 70 
Density17 [g/cm3] 2.61 2.56 
 
 
 
 
 
Table 2. Normalised crack spacing for fibre bundles located near the specimen surface or the 
interior of the sample. teq is the equivalent bundle thickness measured between two adjacent 
cracks with spacing, s. 
 εmax [%] teq/s mean [-] teq/s std [-] 
Surface bundle 0.6 0.31 0.13 
Interior bundle 0.6 0.51 0.18 
Surface bundle 0.8 N/A N/A 
Interior bundle 0.8 0.40 0.18 
 
      Figure 1. Sketch of a typical tension-tension fatigue process observed in a glass fibre 
reinforced composite. (a) Stress/strain relation for a stress controlled fatigue test showing 
evolution of damage as function of normalised number of cycles. (b) Stiffness degradation (-) 
and damping propagation (--) as function of normalised load cycles.  
  
Figure 2. Illustration of dry fabric. Ruler with units of cm. (a) Axial face. Axial bundles and 
double equal pillar tricot stitching. (b) Backing face. Axial bundles are placed underneath the 
backing in horizontal direction.  
 
 
Figure 3. Sketch of the considered locations for damage inspection. Axial fibre direction is 
out-of-plane. (i) Surface inspection using polarised light microscopy. (ii) Interior inspection 
by electron microscopy and a polished and surface coated longitudinal section. (iii) Axial 
fibre bundles by burning the resin and removing the backing fibres. 
 
Figure 4. Result of fatigue experiment of a GFRP. (a) Stress-strain diagram during fatigue for 
an initial strain equal to 0.6%. Indication of stiffness loss and material damping (increasing 
size of hysteresis loop) as function of normalised load cycles. (b) Normalised stiffness as 
function of average of normalised load cycles. 
 
Figure 5. Surface image of fatigue damage in a unidirectional GFRP, cf. Figure 2 for the 
fabric architecture. (a) Fatigue tested specimen with initial strain εmax = 0.6%. (b) Surface 
damage in backing layer. (c) Damage in backing layer causing axial fibre debonding. 
 
Figure 6. Longitudinal section of specimen with indication of stacking sequence and 
constituents.  
 
Figure 7. Fatigue damage (initial strain εmax = 0.6%) in axial fibres near a surface backing 
bundle located towards the mould side of the specimen. (a) Overview. (b) Magnification. 
 
Figure 8. Fatigue damage (initial strain εmax = 0.6%) in interior backing bundle located inside 
the specimen. The backing bundle is stitched to the lower axial layer in the figure. (a) 
Overview. (b) Magnification of axial fibre fractures. (c) Magnification of fibre debonding in 
the backing layer (transverse crack). 
 
Figure 9. Details of fatigue damage (initial strain εmax = 0.6%). (a) Transverse crack, axial 
fibre debonds, and axial fibre breaks in interior backing bundle. (b) Transverse crack in 
interior backing bundle propagating towards the axial layer. (c) Transverse crack in surface 
bundle propagating towards the axial layer. 
 
Figure 10. Adhesion between backing fibres and resin in unloaded tab region from specimen 
with initial strain εmax = 0.6%. (a) Interior bundle, good adhesion. (b) Interior bundle, poor 
adhesion and fibre debonding. (c) Surface bundle, good adhesion. (d) Surface bundle, poor 
adhesion and fibre debonding. 
 
  
 
Figure 11. Micrograph of transverse cracks in surface bundle: overview and crack details. Fatigue tested with initial strain εmax = 0.6%. Values 
for the crack spacing are given in Table 2.  
  
Figure 12. Micrograph of transverse cracks in interior bundle: overview and crack details. Fatigue tested with initial strain εmax = 0.6%. Values 
for the crack spacing are given in Table 2.
 
Figure 13. Specimen after removal of the resin (initial strain εmax = 0.6). (a) With backing 
fibres. Axial fibres are located beneath the backing fibres in the vertical direction. (b) Without 
backing fibres. Note the extensive amount of axial fibre fractures beneath the backing. (c) 
Magnification of axial fibre breaks. 
 
Figure 14. (a) Image overlay of the micrographs presented in Figure 13(a) and (b). (b-c) 
Magnification of axial fibre fractures beneath backing. 
Figure 15. Example on intralaminar delamination caused by initial cracking of transverse 
layer followed by axial fibre fractures. 
  
Figure 16. Spring model prediction of stiffness loss as a function of thickness reduction in 
axial fibre layer. Experimental stiffness loss is shown along with the predicted thickness 
reduction.
 
Figure 17. Stiffness degradation curve with different damage states. The damage states (a) - 
(d) are illustrated in Figure 18. 
 
Figure 18. Postulated tension fatigue damage scheme for unidirectional glass fibre reinforced 
composites with backing layer. The different damage states are shown in the stiffness 
degradation curve in Figure 17. (a) Unloaded. (b) Stage I, damage initiation. (c) Stage II, 
damage propagation. (d) Stage III, localisation and failure. 
 
 
Figure A.1. Homogenisation and sketch of unit cell representation of un-cracked non-crimp 
fabric (not to scale). (a) Top view of fabric architecture, cf. Figure 2(b). (b) Longitudinal 
section. (c) Homogenisation of fibrous layers. (d) Generalisation and discretisation of 
geometry. (e) Unit cell representation. 
 
Figure A.2. Stiffness prediction as a function of FVF using unit cell spring model. (a) Axial 
stiffness, Equation (A.4) and rule of mixtures (ROM), Equation (A.1). (b) Stiffness 
contribution from backing layer. 
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1. Introduction
Fibre reinforced composites are the natural material selection for wind
turbine rotor blades due to their large strength and stiffness to weight ratio
compared with conventional structural materials [1]. During the recent
decade, the rotor blade size development has increased rapidly, as
illustrated in Fig. 1. In turn, much effort has been put on the improvement
of the mechanical properties of these composite materials in order to reduce
the blade weight by materials savings.
[Figure 1 about here.]
The processed composite in the blade consists of resin encapsulated fibres
arranged in a preform. A composite preform is defined as the
unconsolidated assemblage of dry fibres, yarns, and/or fabrics [2]. Edwards
[3] presents a general overview on the present composite technology
including preforms. The design of a composite preform is by far a trivial
task, and involves many different engineering aspects. In the following, the
design process for a composite preform used in the main laminate of a wind
turbine rotor blade, is outlined. The location of the main laminate in a
blade is shown in Fig. 2.
[Figure 2 about here.]
A simplified interaction scheme showing the key elements regarding the
preform design process, is presented in Fig. 3.
[Figure 3 about here.]
2
In order to design a suitable preform, one must be aware of all the elements
mentioned in Fig. 3, and it is noted that the elements in the design process
are interconnected in a non-coherent manner. For instance, choosing a
certain filament diameter affects mechanical and processing properties, and
in order for the preform to be certified for blade use there might be
restrictions on the allowable fibre diameter. Therefore, the scheme
presented in Fig. 3 is iterative, and requires control of all the different
elements. The preform must also be designed according to a number of
business and regulation requirements, e.g. cost and a certain required
strength. The general requirements for future composites used in wind
turbine blades are: enhanced mechanical properties (especially stiffness and
fatigue), improved processing time, lower (or at least similar) cost as
conventional fabrics, and improved reliability. In turn, a given preform
must be designed to meet these requirements.
In the following survey, each of the key elements presented in Fig. 3 are
introduced and discussed in relation to preforms for wind turbine blades.
The survey is limited to an introduction and discussion of the key elements,
and should be considered as an information source on preform design for
wind turbine blades. The structure of the survey is that each key element is
presented separately following the progress in Fig. 3. For each key element,
the common factors in blade manufacturing are outlined, and the most
widely used is passed on to the next key element. For instance, choosing
the basic fibre material forms the basis for a presentation of the next key
element, namely the filament. Using this format, the preform design
process is gradually outlined following Fig. 3.
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2. Material
The traditional baseline material selection for fibres used in wind turbine
rotor blades is glass, which has been used since the early days of blade
manufacturing. In recent years as blades are getting longer (c.f. Fig. 1), the
need for a stiffer and stronger fibre material has emerged. Carbon is the
most obvious choice, but the increase in mechanical performance compared
with glass needs to be balanced with the additional cost, [4]. Hybrid
materials (intelligent combinations of both glass and carbon) where the
best properties from each material are utilised, are coming into play.
However, more research and knowledge are required on hybrid composites
before the material can enter as a common material for blade use. The
most obvious candidate for additional fibre materials is natural fibres, and
an instructive comparison between natural, glass, and carbon fibre
materials, is shown in Table 1. Table 1 serves as an instructive indication
and comparison of the various materials since there exists different material
grades within each category.
[Table 1 about here.]
As seen from Table 1, there is a large variation in properties for the
different fibre materials. From a blade manufacturer’s point of view, the
choice of baseline material is dependent on tradition, current technology,
blade design, industrial collaboration, and know-how. The majority of
existing blade technology is founded on glass fibres, and glass fibres are
typically manufactured of E-glass. However, superior types with improved
mechanical properties like S-glass or high-performance glass types (e.g.
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Owens Corning’s H-glass) have also gained recent interest. Different fibre
materials are presented in further detail in the work of Edwards [3].
Compatibility with different resin systems should also be considered when
choosing the baseline material.
3. Filament
Having chosen the baseline material in terms of glass, the next step is to
discuss the filament. A filament is the smallest unit of a fibrous material,
and is often referred to as a fibre. Fibres are used rather than particles due
to the blade manufacturing process and the fact that fibres can redistribute
the load if a filament fails. During the glass fibre manufacturing processing,
several thousand circular filaments are drawn from a platinum spinneret or
bushing, collected to form a direct roving/tow, and spun into a bobbin. In
order to improve the fibre surface topology, increase the adhesion between
fibre and resin, reduce the risk of moisture ingress, and improve wetting
with the resin, the glass fibres are sized with a silane based solution before
they are collected in the roving. The sizing is chemically modified to suit a
specific resin type (polyester, epoxy, etc.). The roving can either consist of
twisted or un-twisted filaments (twisted rovings are often referred to as a
yarn), but since fibre waviness reduces the compression strength of the
composite, un-twisted rovings are the most widespread. Yarns (twisted
rovings) are often employed when dealing with natural fibres whereas
un-twisted rovings are used for carbon or glass. The number of filaments in
the roving can be varied by changing the spinneret, but there exist different
standard sizes for the spinneret that limits the number of filaments. The
5
bobbin can either be used directly in filament winding or sewn/woven to
form a preform. When manufacturing the preform, several rovings can be
collected into a bundle that form the basic unit of the material. The size of
the roving or bundle is classified as the linear density (mass per unit length,
unit of tex [g/km]). The linear density affects different properties, e.g.
drapeability, resulting preform thickness, wetting and permeability, and
lay-up time. Larger fibre bundles reduce the drapeability, wetting
properties, and the lay-up time, but the increased thickness is critical
concerning intralaminar properties such as delamination.
Selection of the filament diameter is dependent on the spinneret used for
the fibre manufacturing, and the fibre diameter is to a great extent based
on tradition. Nonetheless, some considerations can be made in relation to
the fibre diameter. For instance, since the amount of surface defects in glass
fibres is proportional to the volume considered (Weibull size effect), it is
advantageous to use fibres with a relative small diameter compared with
the critical crack length, ac. By choosing a relative small diameter, the
probability that the fibre contains a flaw that is beyond the critical crack
length, is therefore less. The Griffith criterion for crack growth of the
critical crack length, ac, at a fracture stress, σc, is expressed as, [5]:
σc =
√
EGc
piac
⇒ ac = EGc
piσ2c
=
(
KIc
σc
)2
1
pi
(1)
where E is Young’s modulus, Gc is the strain energy release rate, and KIc is
the mode I fracture toughness. The latter equation is valid under plane
stress. Typical values for glass are (assigned with a some uncertainty):
KIc ' 0.8 MPa
√
m and σc ' 2000 MPa, which yields a critical crack length
in the order of ac ' 0.05µm. Traditionally in glass fibre manufacturing, the
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choice has been on fibres with a diameter around 17µm. This value
originates from experience and tradition from the glass fibre manufacturer,
and the fact of a profitable production process. For instance, larger fibre
diameters have the benefit of increasing production mass frequency
compared to smaller. However, as seen from Eq. (1), a smaller fibre
diameter is advantageous, but one can imagine that the risk of fibre
breakage during manufacturing is increased for decreasing diameter.
Relative thick fibres improve the infusion time/wet out, but reduces the
perimeter to area ratio which is beneficial in relation to shear stress transfer
along the fibre interface.
4. Architecture
In order to position the glass fibres in the blade mould, the fibre (bundles)
must be assembled in a given architecture. The fibre architecture defines
the type of preform, and different common types are presented in Table 2
and Fig. 4.
[Table 2 about here.]
[Figure 4 about here.]
The different preforms mentioned in Table 2 are characterised by an
increasing cost and complexity for the larger dimensionality. For
application in wind turbine blades, 2D preforms offer the best
characteristics when balanced between cost, processing, and mechanical
performance. The optimum mechanical solution would be a filament wound
preform; nonetheless, this is not practical possible due to the blade
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manufacturing technology. Prepregs (and to some extend tapes) offer better
mechanical performance than unconsolidated fabrics, but require a heated
mould (or autoclave) in order to be processed. Woven, braided, and knitted
preforms are relatively cheap since the preform is mechanically interlocked
by the fibre bundles. However, in-plane properties (e.g. compression
strength) are reduced compared to straight preforms due to the crimp. On
the other hand, these preforms offer high resistance against delamination.
Many different weaving types are present e.g. plain, satin, and twill weave.
Woven textiles are characterised by high crimp and low drapeability. The
optimum for the fibre architecture with regards to the application is
achieved by non-woven preforms where the fibres are straight with low
crimp. Fibres are arranged in straight bundles that are held together using
a thread or glue, and these preform types are referred to as non-crimp
fabrics (NCF’s), see e.g. Fig. 4(b). NCF’s are also referred to multiaxial
warp-knitted fabrics due to the fact that several individual layers with
different orientation are stacked and sewn together. For a NCF, straight
fibrous layers with different orientation are placed on top of each other and
not interlaced e.g. as in woven composites. NCF’s are dry fabrics, and can
be processed using autoclave, hot/cold pressing, or (vacuum assisted) resin
transfer moulding with almost any kind of resin. A typical commercially
available unidirectional non-crimp fabrics used in the blade industry is the
so-called Combi 1250 fabric, which is illustrated in Fig. 5. The number
1250 designates the total amount (area weight, g/m2) of glass fibres in
preform. The fabric consists of a uni-axial layer (1150 g/m2), transverse
backing strands (50 g/m2), and a chopped strand mat (CSM) (50 g/m2).
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Layers are held together using a stitching thread.
[Figure 5 about here.]
Issues in relation to the design of NCF’s are: size and shape of the bundles,
number of filaments in the bundle, stitching tension applied to the bundles,
stitching pattern, and the methodology for stabilising the preform, e.g.
backing fibres, chop, or tackifier. The cost of NCF’s is relatively low, and
they offer a fine drapeability and permeability compared to woven
preforms. The texture of NCF’s means that it is a hierarchical material
since single fibres are arranged in bundles that are organised in layers. A
typical example of a processed non-crimp fabric used for wind turbine
blades, is illustrated in Fig. 6. A comprehensive presentation and
discussion on non-crimp fabrics in relation to manufacturing, properties,
and application, is given in the work of Lomov [6].
[Figure 6 about here.]
Having chosen the overall architecture in terms of glass fibres and NCF’s,
the next step is to consider the dominant fibre orientation. The main action
on the blade material is bending (consider the rotor blade as a simple
cantilevered beam model with a distributed load). The bending action
requires large amounts of reinforcement in the longitudinal/lengthwise
direction of the blade in the main laminate, see e.g. Fig. 2. Therefore, the
preform should have a predominant amount of unidirectional fibres in the
warp direction. The unidirectional fibres are arranged in bundles, which set
the constraint on the preform thickness. A relative thick preform (large
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bundle size) is beneficial in terms of saving layup time. On the other hand,
the drapeability is lowered for increasing thickness, and there is a risk of
unsaturated regions inside the bundles. Furthermore, delamination due to
ply-drops is sensitive to the laminate thickness, and the delamination
strength is decreasing for increasing thickness of the laminate.
In order to provide some transverse stiffness/strength and to stabilise the
fabric, transverse weft fibres are employed, see also Fig. 5. The transverse
fibres can either be one or several separate transverse layer(s) oriented in a
certain angle with respect to the axial fibres, or a chopped strand mat
(CSM). This layer improves the static transverse properties, but has a
negative influence on the fatigue performance [7]. In order to avoid wrinkle
formation and gaps of the unidirectional fibres, it is advantageous to place
the supporting layer at an inclined angle (such that the transverse fibres are
commingled) instead of perpendicular to the unidirectional bundles. In
relation to the geometry of the weft layer, the same considerations as the
unidirectional layer should be considered, e.g. fibre material used,
appropriate fibre diameter, bundle size, etc. Traditionally, the supporting
transverse layers are stitched to the unidirectional layer using a polyester
thread. For tension and compression tests dominated by inter-fibre failure
perpendicular to the principal fibre direction, the certifying agency
Germanischer Lloyd [8] prescribes that the maximum fibre weight parallel
to the load direction is not allowed to exceed 5 %, which may limit the
amount of transverse material in the weft direction in specific tests.
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5. Mechanical
When the architecture of the preform is in place, the processed properties
of the composite should be evaluated. However, the mechanical properties
should still be considered and kept in mind in the previous stages of the
preform design phase. Mechanical properties of the processed preform are
decisive with regard to the application, and it is evident that the material
resists the actions without failure. The average tension strain level due to
the applied actions on a turbine blade is relatively low (≤ 1.0%), and
therefore strength issues are in general not of major concern. In
compression; however, material instability might be prevailing. Expansion
due to moisture ingress or by temperature fluctuations are also to be
evaluated as a part of the mechanical considerations during the fabric
design phase. Independent of the baseline material used, the composite
needs to sustain the given action with a certain margin of safety as
prescribed by the certifying agencies [8, 9, 10]. For larger blades (say
> 40m), the blade design is generally based on primarily two factors,
[11, 12]:
• Tower clearance of the blade (stiffness driven design)
• Life-time of the blade (fatigue resistance)
Stiffness can be altered by changing the baseline material (see e.g. Table 1)
or by adding layers to the composite. Fatigue resistance can be improved by
a better material understanding, or by lowering the actions on the material
(e.g. by smart design, or by adding layers in the laminate - which in turn
will increase the blade weight). Blades are typically designed for a 20 years
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lifetime [8, 10] and will be exposed to more than 108 to 109 load cycles
during the lifetime [1]. Thus, there is a need for a fatigue resistant material.
Stiffness and static properties are primarily affected by the amount and
individual properties of the filaments, whereas fatigue is closely related to
the architecture, see e.g. Zangenberg et al. [7] and Mandell et al. [13].
Here, it is reported that damage due to the transverse layer is a detrimental
cause of failure in fatigue, and it is therefore suggested to optimise the
fabric architecture to get a better fatigue resistance. Ply-drops and
delamination are factors that should be considered in the mechanical design
phase of a fabric both regarding static and fatigue actions. Ply-drops and
delamination are sensitive to thickness variation of the layers, and can set a
limiting size on the preform thickness. A way to improve delamination
resistance is by through-thickness reinforcement (see e.g. Fig. 4(c));
however, this has a side effect since localised fibre damage and changes in
microstructure occur near the additional reinforcement. Furthermore, there
is a negative influence on the in-plane mechanical properties.
6. Processing
It is important that the preform can be processed in a reasonable time that
allows for fast manufacturing of the structure. It is therefore required to
have a high permeability and, at the same time, ensure a sufficient wetting
between fibre and resin. The wetting is affected by the choice of sizing, but
information on sizing properties is often kept confidential by the glass fibre
manufacturers. The permeability is linked to the size (tex value) and shape
of the fibre bundles, compaction of the bundles due to the stitching tension,
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intermediate bundle distance (see Fig. 7), and the architecture of the
attached transverse layer. Infusion of a blade shell typically happens
perpendicular to the warp direction of the preform, and a sketch of the
infusion process is seen in Fig. 7.
[Figure 7 about here.]
As illustrated in Fig. 7, the resin flow front is moving in the channels
in-between the axial bundles and in the intermediate region between the
transverse bundles. The inter-bundle saturation happens as the flow front
passes by, but if the axial bundles are too large for the resin to enter due to
the loss of pressure, there is a risk of dry glass within the bundle. This fact
should be taken into account when determining the proper linear density
and shape of the axial bundles. The intermediate bundle distance is
important to ensure proper wetting along the axial fibre direction. It is
advantageous to increase the thickness (area weight) of the transverse layer
in order to speed up the infusion process; however, this has a side effect on
the weight increase and fatigue performance. The stitching thread
employed to keep the axial bundles together can be used to adjust the
permeability within the bundles by varying the stitching tension;
nonetheless, one should keep in mind that a densely packed bundle with
many fibres in contact leads to stress concentrations in the processed
laminate. This stress concentration gives rise to damage initiation, see e.g.
Kushch et al. [14]. With regards to handling of the preform, relative heavy
(large area weight) fabrics save the lay-up time, but can be difficult to
process due the risk of dry glass as illustrated in Fig. 7. Furthermore, for
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heavy preforms, the curved geometry of the blade shell causes wrinkle
formation in the axial layers that decrease the compression strength.
Lundstro¨m [15] present an overview and simple modelling technique for
evaluation of the permeability of non-crimp fabrics.
7. Cost
From a business point of view, the cost of the preform is by far the most
important factor. One way to adjust the cost is by proper selection of the
baseline material, see e.g. Table 1. Others are the actual manufacturing
cost of the preform, and the tradition and technology available for the fibre
manufacturers. For instance, the fibre manufactures have different
standardised bushings for controlling the roving size and fibre diameter,
which limit the design space. Of course, new bushing can be acquired but
these are fairly expensive, so the choice is often on standard solutions.
Another example where cost is a constraining factor, is in relation to the
orientation of the transverse supporting layer. Often, this layer is placed in
the weft direction orthogonal to the axial bundles, which is easy to
manufacture since it only requires a lay-up machine that moves sideways
compared to the warp direction. If the supporting weft layer is inclined with
respect to the axial bundles, the lay-up machine should move inclined as
well. Depending on the fabric width, this can give complications (and raise
the cost) if the angle between warp and weft fibres deviates much from 90◦.
Not only the cost of the preform itself is essential, but the entire cost-route
of the preform is of interest. For instance, improved wetting, mechanical
performance, and permeability might be achieved if a better (read:more
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expensive) sizing is used, which increases the preform cost. On the other
hand, the processing time is lowered and the mould time is thus reduced.
Therefore, by considering the entire cost route, overall savings might
emerge even though the preform cost is increased.
8. Quality
For a blade manufacturers perspective, the preform is designed according to
the above mentioned key elements, and it is essential that the end product
meet the expectations set by the blade manufacturer. In order to achieve
the requested product quality, the blade manufacturer set up different
demands in relation to the preform quality, e.g. straightness, size and
extend of allowable defects, formability, shelf-life, etc. Deficiencies and
defect in the preform must be prevented, which require a certain quality
control. This quality control implies standardised procedures for inspection
of incoming preforms as well as methods for evaluation of the quality. At
present, this is left to the consumer of the preform to evaluate the quality,
and quality standards might be a way for improving the interaction
between supplier and customer.
9. Certification
Limited information is available regarding regulations and guidelines for
manufacturing of preforms for wind turbine blades. Nonetheless, there is a
number of certifying agencies dealing with the overall design of wind turbine
blades. The most relevant of these are, along with the respective standard:
• Det Norske Veritas (DNV) [9]
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• International Electrotechnical Commission [10]
• Germanischer Lloyd [8]
These standards are mostly engaged with the processed properties of the
preform for blade design purposes, e.g. statistical variation and design
values for strength, stiffness, and fatigue. Since these parameters are
indirectly functions of the preform design, it is worth keeping them in mind
during the preform design process. As an example is mentioned the
transitions between different thickness of a laminate mentioned in
Germanischer Lloyd [8] that is relevant in relation to ply-drops, thus the
laminate (preform) thickness.
10. Summary
As illustrated in the above survey, it is a complex and challenging task to
design a composite preform for a wind turbine rotor blade. The design
involves many different iterative steps that are joint together in a
non-coherent manner. The pre-design of a fabric can be made based on
experience and knowledge e.g. regarding failure modes, manufacturing
technology, and processing. However, in order to manufacture, test, certify,
and implement a new fabric, many different stakeholders need to be
involved. The stakeholders all have different approaches and interests in
making the ultimate preform, but it is a balance between numerous factors.
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Figure 1: Size development of LM Wind Power blades during the last decades. The
number LM XX denotes the blade length in meters, and the number below the associated
electrical power output from the turbine.
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Figure 2: Sketch of a wind turbine rotor blade along with main components. (a) Overview.
(b) Cross-section.
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Figure 3: Interaction scheme with key elements and associated influential factors for con-
sideration in the design of a composite preform for wind turbine blades. The key elements
are encircled by an ellipse, and selected influential factors are mentioned in connection to
these.
23
Twisted Un-twisted
Plain weave
5-harness satin weave
+45o
-45o
0o
90o
Stitching
Non-crimp fabric
x
y
z
Z-reinforcement
(a) (b) (c)
Filaments
Fibre bundle
Figure 4: Sketch of selected fibre preforms depending on dimensionality. (a) 1D, roving.
(b) 2D, fabrics: NCF and woven. (c) 3D, Z-reinforcement.
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Figure 5: Image of the fibre architecture of the commercially available unidirectional non-
crimp preform Combi 1250 often used in the wind turbine blade industry. Scale bars in
units of cm. (a) Front face. Axial bundles and stitching pattern. (b) Back face. Axial fibre
bundles are placed in the vertical direction underneath the backing and chopped strand
mat (CSM).
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Figure 6: Example of the hierarchical microstructure observed in a glass fibre composite
manufactured using a non-crimp fabric: fibres arranged in bundles, and bundles organised
in layers. Unidirectional (warp) fibre direction is out-of-plane in the image. Note the
relative thin horizontal transverse backing layer (weft) between the bundles.
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Figure 7: Transverse cross-section of the vacuum infusion process in a single-layered non-
crimp fabric with a stabilising backing layer. See Fig. 6 for a micrograph for comparison.
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Table 1: Instructive comparison between different fibre materials. Inspiration from [16]
and [17].
Natural fibres Glass fibres Carbon fibres
Density Low High Moderate
Stiffness Low Moderate High
Tensile strength Low Moderate High
Compression strength Low High Moderate
Fatigue resistance Moderate/high Moderate/high High
Cost Low Low/moderate High
Energy consumption Low Moderate High
Renewability Yes No No
Recyclability Yes No No
Accessibility High High Moderate
Distribution Moderate Wide Moderate
Disposal Degradable Non-degradable Non-degradable
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Table 2: Different preforms depending on the dimensionality. For details on the different
types, see e.g. Wambua & Anandjiwala [2]. Selected types are shown graphically in Fig.
4.
Dimensionality 1D 2D 3D Higher
Examples Yarn Tapes Sandwich fabrics Polar coordinate preform
Roving Prepreg Solid fabrics Diagonally reinforcement
Woven
Non-woven
Braids
Filament winding
Mats
Knitting
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